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PREFACE 


This book is devoted to an account of one of the branches of functional 
analysis—the theory of commutative normed rings—and the principal ap- 
plications of that theory. It is based on our paper written for the Uspelu 
Matematiteskth Nauk in 1940, hard on the heels of the initial period of 
the development of this theory. The military situation of the time delayed 
the publication of the paper; it was printed only in 1946, and even then, 
because of lack of space, in abbreviated form. In the present book certain 
parts omitted from that paper (concerning harmonic analysis on groups 
and regular rings) have been restored—more accurately, rewritten—and a 
number of results have been included that were obtained after the publi- 
cation of the paper. Furthermore, partly in connection with this, a con- 
siderable part of the earlier text has been substantially altered. 

The book consists of three parts. Part One, which is concerned with the 
theory of commutative normed rings, is divided into two chapters, of which 
the first contains the foundations of the theory and the second deals with 
more special problems. The most significant novelty here is the extension 
of the operational calculus to multivalent analytic functions of several vari- 
ables (§ 13). Part Two, which deals with applications to harmonic analysis, 
is divided into three chapters. In the first (Chapter III), we discuss the 
ring of absolutely integrable functions on a line with convolution as multi- 
plication and we find the maximal ideals of this ring, and also of some 
of its analogues. In the next chapter (Chapter IV) these results are 
carried over to arbitrary commutative locally compact groups and they are 
made the foundation of the construction of harmonic analysis and the 
theory of characters. A new feature here is the construction of an in- 
variant measure on the group of characters and a proof of the inversion 
formula for Fourier transforms that is not based on theorems on the repre- 
sentation of positive-definite functions or positive functionals; in view of 
this, the discussion of positive-definite functions is postponed to the very 
end of the chapter. Fnally, the last chapter of the second part (Chapter V)— 
the most specialized of all the chapters of the book—is devoted to the 
investigation of the ring of functions of bounded variation on a line with 
multiplication defined as convolution ; the principal addition to the old text 
here is the complete description of the maximal ideals of this ring. The 
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third and last part of the book is divided into two chapters devoted to the 
discussion of two important classes of rings of functions: regular rings 
(Chapter VI) and rings with uniform convergence (Chapter VII). In the 
first of these chapters we study essentially the structure of ideals in regular 
rings; as one of the applications, we prove in a generalized form the well- 
known Tauberian Theorem of Wiener; the chapter ends with an example, 
due to Laurant Schwartz, of a ring of functions having closed ideals that 
cannot be represented as the intersections of maximal ideals. In the second 
of these chapters (Chapter VII) we discuss the ring C(S) of all bounded 
continuous complex functions on completely regular spaces S and various 
of its subrings; the first section here reproduces (although in an entirely 
new version) results contained in the original paper: the establishment of 
a natural correspondence between compact extensions of a completely regu- 
lar space S and symmetric subrings of C(S); the remaining two sections 
(concerning arbitrary subrings of C(S) and their ideals) contain primarily 
new results. 

Since non-commutative normed rings with an involution are important 
for group-theoretical applications, the paper by I. M. Gelfand and N. A. 
Naimark, ““Normed Rings with an Involution and their Representations,” is 
reproduced at the end of the book, slightly abridged, in the form of an 
appendix [Chapter VIII in the present English translation]. The reader 
who wishes to acquaint himself in more detail with the theory of non- 
commutative normed rings can find a thorough account of it in the long 
monograph by Naimark, Normed Rings. This monograph also contains 
an account of the foundations of the theory of commutative normed rings, 
without, however, touching upon the majority of its analytic applications. 
The same remark can be made regarding the book by Loomis, Introduction 
to Abstract Harmonic Analysis. 

The reader is supposed to have a knowledge of the elements of the theory 
of normed spaces and of set-theoretical topology. For an understanding 
of the fourth chapter he also has to know what a topological group is. It 
stands to reason that the basic concepts of the theory of measure and of 
the Lebesgue integral are also assumed to be known. 

In order not to interrupt the exposition, historico-bibliographical notes 
are given at the end of the book. The numbers in brackets refer to the 
list of references that follows the historico-bibliographical notes. 
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NOTE ON THE INTERDEPENDENCE OF THE CHAPTERS 


The entire book depends on Chapter I. Chapter II is required only for 
Chapter VI (which uses §9) and for § 44.14, of Chapter VII (which is 
based on § 14); furthermore, in Chapter III there are two references to 
§ 13, but only in that part of the text marked with an asterisk (see footnote 
4 of §1). Chapter III is required for Chapters IV and V (which are 
based on §§ 16 and 17) and for § 41 of Chapter VI, marked with an asterisk 
(where there is a reference to § 19). Chapters IV and V are independent ; 
and the chapters that follow them are not based on them. Chapter VI is 
required for the last two sections of Chapter VII. 

Chapter VIII is a modified version of a paper by I. M. Gelfand and 
M. A. Naimark (see Chapter VIII, footnote 2). Chapter IX is an essen- 
tially unaltered version of a paper by G. E. Shilov (see Chapter IX, foot- 
note 1). Chapter IX does not constitute part of the original Russian text 
and was added in translation, in pursuance of a suggestion for which the 
publishers wish to thank Professor John Lindberg, of Syracuse University 
and Mr. Roger S. Thompson, Physics Librarian at Argonne National 
Laboratory. 


PART ONE 
CHAPTER I 


THE GENERAL THEORY OF COMMUTATIVE 
NORMED RINGS 
§ 1. The Concept of a Normed Ring 


1. Derinition 1: A normed ring) is a complex Banach space in which 
an associative multiplication is defined that is permutable with the multipli- 
cation by complex numbers, distributive with respect to addition, and con- 
tinuous in each factor. 

Henceforth we shall assume that the multiplication 1s commutative. 

Every normed ring that does not contain a unit element e of multiplica- 
tion can be completed to a normed ring with unit element by formally 
adjoining such a unit, i.e., by constructing the ring of formal sums Ae + 4, 
where A ranges over all complex numbers, x ranges over all the elements 
of the ring in question, and ¢ is the unit to be adjoined ; the operations in the 
extended ring are defined in the natural way: 


(e+ x) (pe+ y)= (+p) e+(x-+ »), 
u(he-+ xX) = pre- px, 
(Ae + x) (we + y) = Aue (px hy xy), 
and the norm is given by the formula 
ete | =lal+ |] 


Therefore, in the construction of the general theory of normed rings we can 
confine ourselves to the study of normed rings with unit element, and this 
we shall do from now on. 


2. Let us give some examples of normed rings. 


1. Let C be the space of all complex functions that are defined and con- 
tinuous on the interval [0,1], with the norm given by || x || == max | x(t) |. 
o<t<1 


1In another terminology: a Banach algebra. Henceforth, the term ‘ring’ shall be 
understood to mean an algebra over the field of complex numbers. 
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C is a normed ring (with the unit element x(t) = 1) under ordinary multi- 
plication (it is obvious that it satisfies all the conditions of Definition 1). 

2. Let D, be the space of all complex functions that are defined on the 
interval [0,1], have a continuous n-th derivative on the interval, and have 
the norm given by 


nN 
k=0 0< 


|x|] = max | x (f)|. (1) 


D,, is a normed ring (with unit element +(¢) == 1) under ordinary multipli- 
cation (which is easily verified to be continuous in the norm (1) with respect 
to both factors and obviously also satisfies the remaining conditions of 
Definition 1). 

3. Let W be the space of all complex functions of a real variable that 
can be developed in an absolutely convergent trigonometric series, with the 
norm given by 


| zZ | — = Cn exp (int) cae | cn |. (2) 


(The sum of this series z= 2(t) is then uniquely determined.) If 
x(t) = be ad,exp (t#kt)EW and y(t)= >, b,exp (alt) EW, 
k=—-o k=—0oo 


then we also have 2(t) = -«(t)y(t)EW. For the product of the absolutely 


co (ee) 
convergent series > a, exp (tkt) and >; b,exp (tlt) is the absolutely 
os | See 
~— Le ©) 
convergent series > Cy, exp (int), where 
N= —oO ss 
Co= b= DD On-1 by. 
k+l=n [= —0o 
Moreover, since 
CO [e ©) [e ©) 
Wzt= DS lenlS DD lanai lo|= 
N= —CO N= — CO] =m—0o 
re @] co 
ae D2 e loys!) Lor = 
t=—-—c \n=-—©o 
oo (ee) 
= J lal  lal=leiilyi. 
k=—0o l= —oo 


multiplication is continuous in the norm (2) with respect to both factors. 
Hence W is a normed ring (with unit element x(t) =1) under the usual 
multiplication. 
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4. Let 1™ be the ring with unit element generated by the differentiation 
operator D in the space of polynomials of degree less than or equal to ” in a 
single variable, with complex coefficients. Since D*+!—0, the elements 


n 
of this ring are the totality of all possible polynomials > a;,D*, where a;, is 
k=0 


an arbitrary complex number and D® is the unit operator. We put 
n n 
| 3 a.0*]—= 3 tan 
k=0 k=0 


Then J is a normed ring under the multiplication of operators, with the 
unit element e= D°, 
5. Let L1(0, 1) be the space of all absolutely integrable measurable com- 
1 


plex functions on the interval [0,1], with norm given by || x || = fi x(t) | dt. 
0 

By means of Fubini’s theorem on the relation between the Lebesgue double 

integral and repeated integrals it can be shown that for any two functions 

x(t) and y(t) belonging to £1(0, 1) their ‘convolution’ 


t 
(xx yO=f[x¢—dy@de OStS)) (3) 
0 


exists for almost all ¢ and belongs to L1(0, 1), and the operation of ‘convolu- 
tion’ (3) is associative. This operation is obviously bilinear, and the substi- 
tution t—> t — t shows that it is also commutative. Moreover (again on the 
basis of Fubini’s Theorem), 
t 


f x (t—t) y(t) dt 


1 


xxv] =f 


0 0 
1 t 
sf (fix¢—oll vole) a= 


0 


1 1 
=f (fixe—a14) role 
om 
=S(f 
0 0 


= [+l lly. 


2 For further details, see § 16. 


dt = 


1 1 
Ola) ye ides f eolaefl yeoldem 
0 0 
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and hence it follows that convolution is continuous with respect to both 
‘factors.’ Thus, L1(0, 1) is a normed ring under convolution. It is easy to 
see that it does not contain a unit element.3 We shall denote by I the normed 
ring that is obtained as the result of formally adjoining a unit element to 
L}(0, 1). . 

6. Let A be the space of all functions of a complex variable € that are 
defined and continuous in the circle |€| <1 and regular throughout the 
interior of this circle, with the norm given by || x || oe x(€)|. Aisa 


normed ring (with unit element +(€) =1) under ordinary multiplication (it 
obviously satisfies all the conditions of Definition 1). 

As we have shown above, in the rings of Examples 3 and 5, the norm 
has the following property : 


=o Sle od (4) 


Clearly, the same inequality is satisfied by the norm in the rings of Examples 
1, 4, and 6. However, in Example 2 the inequality (4) is not, in general, 
satisfied for n = 2; for example, we have for x(t) =t: 


| (4) |] = 2, |} 2?) |] = 5 > | 2 |]? 
But 1f we choose the norm 


nN max | x(*) (t) | 
lxO] = > =, (5) 


k=0 


in D, instead of (1) then, as is easily verified, the inequality (4) holds. 
Furthermore, the norms (1) and (5) are topologically equivalent. It is a 
general property of normed rings that such a re-norming is always possible. 


3. THEOREM 1: For every normed ring R we can find a ring R’ that is 
topologically and algebraically isomorphic to it and has the properties 


oS ee oe, eee oe (*) 


*4, Proof:* Every element x of R generates the corresponding operator 
A, of multiplication by «+: A,y=-zy. By Definition 1, this operator is 


3 See § 16. The absence of a unit element in L*(0,1) also follows from the fact that 
this ring consists of generalized nilpotent elements (see § 4.9). 

4 Subsections marked with an asterisk may be omitted on a first reading. In the 
original Russian text, the material of such subsections was printed in a smaller type 
than the main body of the text. 
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linear. In the ring Q of all linear operators mapping the Banach space R 
into itself, the operators A, form a subring R’ with unit element (the unit 
element being the unit operator E generated by the unit element e of the 
ring R). 
Let us show that R’ is a normed ring under the norm || Az || a - | xy ||. 
ys 


In the proof we only require that R’ is complete, i.e., that R’ is closed in Q. 
By the associativity of multiplication we have 


Az(yz) = x(y2) = (4y)2e = Azy 2. 


It is not difficult to see that this property is characteristic for the operators 
of the ring R’. For, if for an operator A and for arbitrary y and z the 
equation A(yz) == Ay-z holds, then, putting Ae, we have: 


Ay=Aley) = Ae-y= xy, 


1.e., A is the operator of multiplication by 7. 

Suppose now that the operators 4,€F’ strongly converge to some opera- 
tor A, i1.e., that 4A,x converges to Ax in the norm of the space R for every 
x€R. By the continuity of multiplication with respect to the first factor, 
we then have: A(ry) =lim 4,(4y) =lim Anx-y==Azx-y and hence, by 
what we have just proved, A is alsoin Rk’. Thus, R’ is closed in Q not only 
in the sense of uniform convergence of operators, but also in that of strong 
convergence. 

Obviously, the rings R and RF’ are algebraically isomorphic. Let us show 
that they are also topologically isomorphic. We have:°® 


_. ell 
lel 


Ag|| = >| 
Aol = sup byl |x 


OT 


ll Sllell | 4e]- (6) 


Thus, the mapping 4,— x of the space FR’ onto the space F is continuous ; 
but since both these spaces are complete, we have, by the well-known theorem 
of Banach,® that the inverse mapping + — A, is also continuous. We have 
thus proved that the rings R and R’ are topologically isomorphic and, with 
this, we have also proved the theorem, because the norm in fF’ has the 


6 It is easy to verify that e +0, and therefore || e || > 0. 

6 See A. N. Kolmogorov and S. V. Fomin, Elements of the Theory of Functions and 
Functional Analysis, Vol. I, Rochester, 1957, pp. 99-101, or L. A. Liusternik and W. I. 
Sobolev, Elements of Functional Analysis, F. Ungar, New York, 1961, pp. 88-90. 
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property (*). At the same time, we have obtained the result that every 
normed ring is topologically and algebraically 1tsomorphic to a normed ring 
of operators in a Banach space. 7" 


Note: If the condition (*) is satisfied in the ring R, then R and R’ are 
isometric. For in this case, (6) gives: || x || S| 4. ||. On the other hand, 
by (4) we have 


A, |= = = : 
[4-(= sep levtSilel se hole 
Combining the two inequalities, we obtain: | A; | — | x |. 


5. CoroLcyary 1: The product xy is continuous with respect to both factors. 


DEFINITION 2: A series 4; + %o+...+ 42+... 18 called absolutely 
convergent if the series 


ea | Aas a eee [ere ees 


converges. 
Obviously, every absolutely convergent series in KR converges. 


CoroLLarY 2: Absolutely convergent series formed from elements of a 
normed ring can be added and multiplied like absolutely convergent numerical 
series, 


Henceforth the norm will always be assumed to satisfy the condition (*). 


§ 2. Maximal Ideals 


1. Lemma: The set O of all elements x of a normed ring R for which 
there exists an verse element x—11s open, and x—1 1s a continuous func- 
tion of x on O. 


Proof: First of all, every element x for which | e—x | <1 has an 
inverse element x—1. For let us consider the series 


e+ (e—r)+(e—-x)?7+.... (1) 


Since | (e— x)" 1 <= | e—x |" this series converges absolutely and it there- 
fore represents an element of R. Upon multiplying it by + == e— (e—~+) 
and making use of Corollary 2 to Theorem 1 of § 1.5, we obtain 


e+(e—-a)+ (e—-xr)?+...— (e— x) — (e— x)? —... =e. 


Therefore the sum of the series (1) is the inverse element +—!, whose exist- 
ence we wished to show. 


7 This mark signifies the conclusion of a proof. 
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Now let x be an arbitrary element of O. We denote by Uo(e) the neigh- 
borhood || e—y || < 1 of the unit element e, which by what we have proved 
belongs to O. Since +x—~1=e, by the continuity of multiplication there 
exists a neighborhood U(x) of x such that U(x)*—1C Uo(e). Hence, for 
arbitrary z€ U(x), 2x1 has the inverse element (zr—1)—!: 


ga *(ea-7) tae. 


But then +—1(g7—1)—! 1s the inverse element of 2, i.e., when x is contained 
in O, its neighborhood U() is also contained in O. 

Suppose, finally, that +, -22*€O. Then 2,—2,4-!2> «4-1 e; and 
therefore, as follows from the expression (1) for the inverse element, we 
also have 


XXy—1 == 2,1 =e + (e—2,) + (e—2,)? +... 2. 


Multiplying both sides of this limit relation by +1, we obtain +,~!> +71. /# 


DEFINITION 1: A set J of elements of a ring F is called an ideal if it has 
the following properties : 

a) if xe] and yél, then ++ yel; 

b) if xeE/J, then zgxe€/ for all zeER. 

An ideal J of a ring R is called a proper ideal if, in addition, 

c) [R., 

As an example of a proper ideal of the ring C of Example 1 of §1, we 
can take the set of all functions of C that are equal to zero on the interval 
[0, 1/2]. 

An element of a ring R that has an inverse element cannot be contained 
in any proper ideal. For if x€/, then the existence of +~! would entail 
for every element z of R that z= (2x—")x EJ, i.e., J would coincide with R. 

On the other hand, every element x that does not have an inverse is 
contained in some proper ideal, viz., the totality of all elements zr, where 
zg ranges over the whole of R. 

Thus, for an element of a ring R to have an inverse it 1s necessary and 
sufficient that tt does not belong to any proper ideal. In particular, if the 
ring R contains no proper tdeals other than the zero ideal (consisting only 
of the element 0), then R is a field. 

It is easy to verify that the closure J of an ideal / satisfies the conditions 
a) and b) of Definition 1. Moreover, since every proper ideal J is contained 
in the set R \ O, which by the lemma is closed, J is also contained in R \.O 
and hence does not coincide with Rk. Thus, the closure of a proper ideal 
is itself a proper ideal. 
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DEFINITION 2: A maximal ideal is a proper ideal that is not contained 
in any other proper ideal. 


*2. Let us find all the maximal ideals of the ring C of Example 1 of §1. 

The set of all functions of C that vanish at an arbitrary fixed point of an 
interval in [0,1] is a maximal ideal of C. 

The set M; of all functions x(¢#)EC for which x(t) ==0 is a proper ideal 
of C. Let y(t) be any function of C not belonging to M;. What we have 
to show is that there exists no proper ideal containing M; and y(t). But this 
follows from the fact that every function 2(t)€C can be represented in the 
form 


_ 2() _ 90 0 
2()= 23 yO+(20— 25 200), 
where 


z()— ao z(t)EM, 
and the first summand is a multiple of y(t).* 

Now let M be any maximal ideal of C. We shall show that all the 
functions that occur in this maximal ideal vanish at some fixed point of the 
interval [0,1]. Indeed, if this were not so, then for every point teé [0, 1] 
we could find a function +;(t)€M such that x-(t) 40 and hence 


| #-(t) | >5->0 


in some interval containing t. By the Heine-Borel Theorem, there exists 
a finite number of such intervals covering the whole interval [0,1]. Let 
T1,..., Tr be the points corresponding to each of these intervals. The function 


X(t) =X, (t) xa, (CE) 0. + He, (er, O= [4z, (P+... +) er, OP 


is contained in M. But on the other hand, x(t) > min Be, > 0 and 


I< k<in 
hence the function 1/x(t) exists in C, so that in this case x(t), as we have 
seen, cannot belong to any proper ideal; in particular, it cannot belong to 
the maximal ideal M. This contradiction shows that there exists a point 
t such that x(t) =O for all x(t)EM. But then M, being maximal, is the 
ideal M, consisting of all the functions of C that vanish at the point t. / 


In exactly the same way, we can satisfy ourselves that the set of all abso- 


co 


lutely convergent series = Cn exp (int) whose sums vanish at some point 
N= — CO 


8 In the same way, one can see that in every ring of functions (with the usual algebraic 
operations) the collection of all functions that vanish at any given point forms a 
maximal ideal. 
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t forms a maximal ideal in the ring Wof Example 3 of §1. But when we 
wish to repeat for Wthe same proof as above of the converse statement, we 
reach a point in the proof where we must draw the conclusion, from the 


fact that the sum of the absolutely convergent series S(¢) == > Cnexp (int) 


N=—C 
is different from zero for all ¢, that 1/S(t) also belongs to W, 1.e., can be 
expanded in an absolutely convergent trigonometric series. This conclusion 
is a correct one and constitutes a theorem of Wiener ([32], p. 14; [33], 
p. 91),° but when we give a proof later on it will be on the basis of the very 
fact that all the maximal ideals of Ware of the given form. 


Note: Let FR be an arbitrary normed ring formed from (not necessarily 
all) continuous functions x(t), given on a compactum (i.e., a compact Haus- 
dorff space) S with the usual addition and multiplication. C and D, 
(Example 2 of § 1) are of this type; so is W, if the functions occurring in it 
are assumed to be given not on a line, but on a circle of radius 1. When we 
run over the arguments given above, we see that the set of all functions of R 
that vanish simultaneously at some point of the set S is always a maximal 
ideal of R;! for the converse statement to be true it is sufficient that R 
should have the following properties: 


—_—_— 


a) if x(t) is in R, its complex conjugate x(t) is also in R; 

b) if x(t) is in R and if it does not vanish anywhere on S, 1/x() is 
also in R, 

In order to establish a one-to-one correspondence between maximal ideals 
and the points of S, it is also necessary that R should satisfy the following 
‘separability condition’: 

c) for any two distinct points t,, fg of S there exists a function r(t) in R 
such that +(t,)  x(te). 

The condition b) is not only sufficient (in conjunction with condition a)) 
but is also necessary. The condition a) is not necessary, as we shall see in 
§4, when we determine the maximal ideals of the ring A of Example 6 
of § 1. 

Since D, has the properties a), b), and c), we conclude that the maximal 
ideals of the ring D, are the sets of all functions of Dy, that vanish at an 
arbitrary fixed point of the interval [0,1]. 

Furthermore, the ring C(S) of all continuous complex functions on S, 
which obviously satisfies the conditions a) and b), also satisfies the condition 
of separability c) by the normality of the space S and the well-known theorem 


9 See also A. Zygmund, Trigonometric Series, Vol. I, Cambridge, 1959, pp. 245-247. 
1 And this is independent of the compactness of S and the continuity of «(t) (see 
Footnote 8). 
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of Uryson.? Thus, the maximal ideals of the ring C(S) are the sets of all 
functions of C(S) that vanish at an arbitrary fixed point of the compactum S. 


3. Obviously, every maximal ideal is closed: otherwise it would be con- 
tained properly in its closure and hence would not be maximal. 


THEOREM 1: Every proper ideal I 1s contained in a maximal ideal. 


Proof: We prove the theorem by transfinite induction. Let 


V1, N22, 2.45 Vy, 6b cig Oly oe 


be a well-ordered transfinite sequence of all the elements of R. With every 
proper and non-maximal ideal J we associate a proper ideal J/* D/ in the 
following way: Since I is not maximal, there exist elements rE R\ / 
having the property that the set of all elements of the form 7-+ rx, where 
7€l, r€R, forms a proper ideal; let x; be the first of such elements in the 
sequence {7a}; then we put /+ = {7+ rx;}. We now construct a trans- 
finite sequence of proper ideals Ja in the following way: We put Jo>=T/ 
and suppose that the Ja have already been constructed for all a < 6; if B is 
of the first class, i.e., if B—1 exists, then we put Je —=TJp_1; if 8 is of the 
second class, then we put /g = U Iq. This sequence has a cardinal number 
a<p 

not exceeding the cardinal number of FR and it therefore has a last term that 
is then a maximal ideal containing /. / 


In conjunction with the necessary and sufficient condition mentioned 
above for the existence of an inverse element, this theorem now yields the 
following. 


THEOREM 2: For an element of a commutative normed ring R to have 
an inverse itt 1s necessary and sufficient that tt 1s not contained in any 
maximal ideal. In particular, tf the ring does not contain any non-zero 
maximal ideal, then it is a field. 


4. Elements +, ye€F are called congruent modulo the ideal I if x —yel. 
Since the relation of congruence is reflexive, symmetric, and transitive, R 
splits into classes of congruent elements, Defining the sum (product) of 
classes X, Y as the class containing the sums (products) of elements +, y 
from X,Y and denoting by AX (where A is a complex number) the class 
formed by the elements Ax (x€ X), we obtain the ring R// of residue classes 
of R with respect to J. The zero element of this residue-class ring is the 


2 See, for example P. S. Aleksandrov, /ntroduction to the General Theory of Sets 
and Functions, Moscow-Leningrad, 1948, p. 305 [in Russian; English translation in 
prep.]. (Or see J. L. Kelley, General Topology, New York, 1955, p. 115; H. L. Royden, 
Real Analysis, New York, 1963, p. 130.) 
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class formed by all the elements x€/ and the unit element £ is the class 
containing the unit element e of R. 
In R/I we introduce the norm 


X || =inf 2 
|X| =int || @ 
THEOREM 3: If I is a closed proper ideal, then R/I 1s a normed ring. 
Proof: 
1) {AX | = 14] | ¥ | 
vious. 


2) ||X+¥V|S]* 1+] ¥ I 
We have: 


|X-+- Y|| = inf |[z|— inf |[x+y]S 
z€X+Y wTEX, yeY 
eM Eyl} = ink [lel] ++ int ty =X 1 YI. 
BEX yeEY 


= 


inf { 
ve X, yCY 


3) XY STAY IL 
e have: 


XY|l! = inf zl inf xyll= inf Xx = 
XY = Inf [2S int evs int Melly 
= inf |[x|[ inf || yl] = XI Yl. 
BEX yeY 
) JE =1. 


Since e€ E, we have | E | <= 1. Let y be an arbitrary element of E. We 
have: y==e-+ x, where x€I. Now if || y || were less than 1, then, by what 
has been proved at the beginning of this section, + would have an inverse 
and hence could not belong to the proper ideal J. Thus, || £ || =1 and 
hence || E | = 1. 

5) If | xX | ==0, then X is the zero class. 

By (2), there exists a sequence 7,€ X such that 7, > 0 forn— oo, Letr 
be an arbitrary element of X. We have +—v-2,€I/, and since +,— 0, we 


have «== lim (x—-+,)€/I. But, by assumption, the ideal Tis closed: [=I. 
nN > CO 


Thus X coincides with J, 1.e., it is the zero class. 

6) R/I is complete in the norm (2). 

Let {Xn} be a fundamental sequence of classes, that is, || Xn— Xm | —0 
for m,n— o. Then we can choose a subsequence {X,,} from it such that 


the series > | xX 
k 


gigi ay | converges. By (2), for an arbitrary element 


4,€Xn, we can find an element *2E€X,, such that 
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||] e2— #1 |] <2 |] Xng— Xn, |f 5 

furthermore, for this #2 we can find an element +3€X,, such that 
|| #s— 42 || <2 |] tn, —Xnq |; 


and so forth. Obviously, {x,} is a fundamental sequence and therefore con- 
verges to some x€R. But then the sequence {Xn,}, and hence the whole 
sequence {X,}, converges to the class X containing x. / 


Note 1: The homomorphic mapping of the ring F into the ring of residue 
classes R/I with respect to a closed ideal that is obtained by assigning to 
each element +€F the class X containing it is an open continuous mapping.® 
For let UCR be an open sphere with center at the origin, 


U=={x€R:|| x || <8}, 


and let U’ be the image of U in R/I. By the definition of the norm in the 
residue-class ring, this image consists of precisely those classes XER/I 
for which || X || <8; therefore U’ is an open set in R/I. In exactly the 
same way we can see that the image of every open sphere in F is an open 
set in R/I. Since the open spheres form a defining system of neighbor- 
hoods in R, it follows from this that every open set of R has an open image 
in R/I, On the other hand, suppose that F’C R/I is closed. Let F be the 
complete inverse image of F’, and let 41(€X1), xo(€ Xe), ..., an(EXn), .-. 
be a fundamental sequence in F and +€R its limit (rE X). Since 


3 


|XX, || <||e—m 


we have X =lim X,, and therefore X belongs to F’; but then x€F and 


> c 
therefore F is closed. 


Note 2: There is a one-to-one correspondence between the closed ideals 
J of the ring R containing the closed ideal 7 and the closed ideals J’ of the 
ring R/I under which every ideal J corresponds to its image J’ in R/I. 

For by the continuity of the mapping K— R/I, the complete inverse 
image J of every closed ideal J’ of R/I is a closed ideal of FR, and from 
J,’ A Jq’ it follows that J; Je. Conversely, the image J’ of every ideal J 
containing J is an ideal in R/J; furthermore, J is the complete inverse 
image of J’, since if J contains x it contains all the elements that are con- 
gruent to x modulo 7; and inasmuch as R— F/I is an open mapping and, 


3 That is, the image of every open set of R is an open set in R/J (the mapping is open) 
and the complete inverse image of every closed set of R// is a closed set R (the mapping 
is continuous ). 


§3. ApstracT ANALYTIC FUNCTIONS 27 


for an open mapping, the fact that the complete inverse image is closed 
implies that the image is closed, we have that the image J’ of every closed 
ideal J containing J is a closed ideal in R/T. 

Obviously, the proper ideals of R/I are the images of proper ideals of R. 
In particular, the maximal ideals of R/J are the images of the maximal ideals 
of R containing /. 

THEOREM 4: The ring of residue classes R/M of a normed ring R with 
respect to a maximal ideal M is a field. 

Proof: By Theorems 1 and 2, it is sufficient to verify that R/M does not 
contain any non-zero proper ideal. But if there were such an ideal J in 
R/T, then its inverse image in R would be a proper ideal containing M@ and 
not coinciding with it, in contradiction to the maximality of M. / 

Note that, by Theorem 3, R/M is a normed ring, because—as we have 
seen above—a maximal ideal is always closed. 

It is easy to see that the converse of Theorem 4 is also true: 

THEOREM 5: [If the residue-class ring R/I of R with respect to a proper 
ideal I is a field, then I 1s a maximal ideal. It need not be assumed here that 
I is closed. 

Proof: If R were to contain a proper ideal J containing J and not coin- 
ciding with it, then its image in R/I would be a non-zero proper ideal; and 
this is impossible since, by assumption, F/I is a field. / 


*5, Let us consider the residue-class ring of C with respect to a maximal 
ideal M. Since M consists of all functions x(t) €C that vanish at some point 
t (see § 2.2), every residue class X consists of all the functions x(t) EC that 
assume the same value Ay at this point. Furthermore Ay,y—=Ax+ Ay, 
Avy =Axhy, and Aux why. Moreover, || X | =| Ay |; for if x(t)€X, then 
|| + || = | a(t) |==|Ax]| and, on the other hand, the function x(t) =Ax 
belongs to the class X. Thus, C/M is isomorphic to the field of complex 
numbers. 

We shall see later that all commutative normed rings have this property. 
In proving this, we shall make use of methods of the theory of analytic 
functions. 


§ 3. Abstract Analytic Functions 


1. Derrnition 1: A function +x(A) that is defined in some domain D of 
the complex plane and that takes on values in a normed ring FR will be 
called analytic in D if for allA€D it is strongly differentiable, i.e., if the ratio 


[~(A + h) — (a) ]/h (1) 


converges in the norm to a limit *’(A) when h- 0. 
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Thus, if the inverse element +(A) = (zg—Ae)—! exists for A—Ao (and 
so, by the lemma of § 2.1, exists for all A sufficiently near to Ag), then it is an 
analytic function of A in some neighborhood of Ap. For 


as ey —~1 a, -1 = = 
(z—( they (z— he) —(z—(A--h) e) 1 (ze) 1 


and by the lemma of § 2.1 the product on the right-hand side converges to 
(g—he)—* when h— 0. 

If #(A) is an analytic function in D and f an arbitrary linear functional 
defined on RF, then f{#(A)} is an ordinary analytic function in D. For the 
strong convergence of the ratio (1) also implies convergence of the ratio 


F{xQ+4)} —Ff {x Q)} = {Aetna -O) 
h h : 


1.e., the differentiability of the function f{+(A)}. 

The fundamental results of the theory of ordinary analytic functions— 
most particularly, Cauchy’s Theorem and Cauchy’s Formula—can be ex- 
tended to our ‘abstract’ analytic functions (with values in RF), but for this 
purpose we have to define contour integration of abstract functions. 

Let I‘ be an orientated arc of a rectifiable curve in the A-plane and x(A) 
a function with values in R defined and continuous in norm on I’. We define 


the integral f x(A)da in the usual way: 
Tr 


n—1 
xQ) d= lim aT ec 
Tr max | Me+-1—Az| >0 p> ( x) ( k+1 1 
where Ag, Ai, ..., An—1, An is a subdivision of I“ by a sequence of points, where 


Ay’ is an arbitrary point on I" between A; and Ay,41, and where the limit is 
understood in the sense of strong convergence. The existence and unique- 
ness of this limit follows from the fact that T' is rectifiable and that x(A) is 
uniformly continuous on I‘ and can be proved by the usual methods. From 
the definition of the integral it is also clear that 


ALS x@arh= f ffx oo} arn (2) 


for every linear functional f. 


CaucHY’s THEOREM: If a function x(A\) with values in a normed ring R 
1s analytic in a closed domain bounded by a simple rectifiable curve T, then 


fx@ar=0. 
r 


Proof: We put f x(\)dh== yy. By (2) we have for every linear functional 
r 
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f that f{y} = f f{#@)}dk. Therefore, by Cauchy’s Theorem for ordinary 


r 
functions, f{y}==0O for every f. But then y==0O as well, because, by the 
Hahn-Banach Theorem, for every y>0 there exists a linear functional f 


such that f{y} #0. 7 

Cauchy’s Integral Formula is proved similarly. 

CaucHy’s INTEGRAL FoRMULA: If a function x(A) with values in a 
normed ring R is analytic in a closed domain bounded bya rectifiable curve T, 
then for all interior potnts h of this domain it can be represented in the form 


1 
5s eae a5 (3) 


From formula (3) it follows in the usual way that an analytic function 
(A) with values in a normed ring R 1s infinitely differentiable and can be 
expanded in the neighborhood of every point of regularity K=Ao tn an 


absolutely convergent Taylor series 
x (0) = *g) + £7 Ag) A—%) + AO) Q—APH 


and the radtus of convergence of this series is equal to the distance from ho 
to the nearest singularity of x(A). 


2. As an example (which will be required later) let us determine the radius 
of the largest circle with center at A==0 inside which (e—Axr)—?! exists. 
This function is differentiable—i.e., analytic—in its entire domain of exist- 
ence. Therefore its Taylor series 


Sane (4) 


m=0 


must converge absolutely in the interior of the required circle. Conversely, 
the function (e—Axr)—! obviously exists in the interior of the circle of 
absolute convergence of (4) and coincides with the sum of this series. But 
the circle of absolute convergence of (4) is* 


n 
4From the inequality (4) of §1 it follows readily that lim y/| 2* |] exists for every 
1 > 0O 


zéR. In fact, upon setting || 2” || ==an, we have by this lemma a, = a44+7 S apa, 


t 1 2 1 
(O0O=1<k), and hence an = a a: Fixing k and taking »~ oo, we obtain 
1 1 1 1 1 


—— k ‘ ; ——— : nN ; n 
lim a, = a,. Now taking k> oo, we find lim a, <lma, = lim Ban At the same 


' k _ on 
time, we set that y/]| 2* || = lim y|| 2" || for all &. Note that we have only used the 
> CO 


property of the sequence || 2” |] = an (= 0) that amin S aman. 
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[A] <1/lim Vie". 
n> co 


Thus, the required radius is 1/lim V/ Eagle 
nm > co 


*3. We can verify similarly that the radius @, of the largest spherical 
neighborhood of the point +€O that is entirely contained in O is equal to 


I/lim VJ 2-* |. 


fa 6) 


§ 4. Functions on Maximal Ideals. The Radical of a Ring 


1. On the basis of the results of the preceding section we can now complete 
our study of the residue-class ring of a commutative normed ring with 
respect to a maximal ideal that was begun in § 2. 

DEFINITION 1: The spectrum of an element x of a normed ring F is the 
set of all complex numbers A for which (4 —Ae)~! does not exist. 

THEOREM 1: Every element x of a normed ring R has a non-empty 
spectrum, 

Proof: Suppose that, in contradiction to the statement of the theorem, 
an element +€R has an empty spectrum, 1.e., (x —Ae)~—} exists for all A. 
By taking, in particular, 10, we see that under the present supposition 
x—1 exists. Moreover, x—1 also has an empty spectrum, i.e., (x—!—Ae)—? 
also exists for all A. For this is clear for 41 0; and forA-=40, we have: 


(47-1 — Ae) —1 = —A~l (4 — Ae) 71, 
Thus, since (v —Ae)—! and (x—1—Ae)—! are entire functions, by § 3 their 


CO co 
Taylor series } 2-"—1A" and >) "+14" converge absolutely in the entire 
r=0 N=0 


plane, and in particular, for \=-1. But then the limit relations +—"—>0 
and #*-»0Q must hold simultaneously; and this is impossible, since 
ey Se 

*2. Note: Theorem 1 can also be proved by means of Liouville’s Theorem, 
which for abstract analytic functions reads as follows: 

If a function x(A) with values in a normed ring R is regular in the entire 
A plane and uniformly bounded in norm, then x(k) =o, where xo 1s some 
constant element of R. 

The proof of this theorem can be carried out by the same method as the 
proof, given in $3.1, of Cauchy’s Theorem and Cauchy’s Formula. By 
Liouville’s Theorem for ordinary analytic functions we have for every 
linear functional f:f{1(A)} =const. But then we also have x+(A) =const., 
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because if +(A) assumes two distinct values +(A,) and x(Ae), then by the 
Hahn-Banach Theorem there exists a linear functional f such that 


f{a(Ar)} A H{7 (A) }. 
Suppose now that (4—Ae)—? exists for all A. We have: 
| (+ —he)-? | = | (e—A-~tyx)—? |. 


By the lemma of § 2, the second factor on the right-hand side tends to 1 for 
|4|—» oo, and therefore || (v—Ae)—?||->0. Hence it follows that the 
function (4#—Ae)~—1! is bounded in the entire plane; hence, by Liouville’s 
Theorem, (4 —Ae)—1==const. Since (—AdAe)—1— 0 for |A | — 0, we con- 
clude that (+—Ae)—!==0. But this is impossible. / 


3. THEOREM 2: A normed field R is isomorphic to the field of complex 
numbers. 

Proof: By Theorem 1, for every «€FR there exists a A for which the 
element + — Ae does not have an inverse in R. Since RF is a field, this means 
that + —Ae =O, 1.e., r==Ae. The correspondence 


he—>A (1) 


is then an isomorphism between FR and the field of complex numbers. / 


The isomorphism (1) will be called canonical. 

From Theorem 4 of §2 and Theorem 2 we now deduce immediately the 
following important theorem: 

THEOREM 3: The residue-class ring R/M of a commutative normed 
ring with respect to a maximal ideal M is canonically isomorphic to the field 
of complex numbers. 

Thus, the maximal ideal M defines a canonical homomorphic mapping of R 
into the field of complex numbers under which all the elements of the same 
class of R/M go over into the complex number that corresponds to this class 
under the canonical isomorphism between R/M and the field of complex 
numbers. 

At the same time Theorem 5 of §2 shows that, conversely, every non- 
trivial algebraic homomorphic mapping of R into the field of complex num- 
bers generates a maximal ideal. For the kernel of this homomorphic map- 
ping forms an ideal in R whose residue-class ring is isomorphic to the field 
of complex numbers; by Theorem 5 of § 2, this ideal (which consists of all 
the elements of the ring that go over into zero) is maximal. 


4, We denote by +(M) the number corresponding to the element +ER 
under the canonical homomorphic mapping of FR into the field of complex 
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numbers defined by the maximal ideal M@M. By varying M we obtain for 
every fixed x a function +(M) defined on the set Dt = M(A) of all maximal 
ideals of R. These functions obviously have the following properties: 

a) If x= 4,+ +2, then +(M)=-+,(M) + x2(M). 

b) If r= 41%2, then +(M) = -+41(M)42(M). 

c) If ro==hx,, then xo(M)—=)x,(M). 

d) e(M) =1. 

e) If x€ Mo, then «(M,y) —0 and, conversely, if «(M/,) =0, then +E Mo. 

f) If M@,s4 Mo, then there exists an +€ FR such that +(M,) ~+(M2). 

Moreover, 

g) |x(M)|<||* |. 

For x(M) is that number Ay which under the canonical homomorphism 
between R/M and the field of complex numbers corresponds to the class X 
containing x. Since X ==AzE, we have || X || =|Ax| || £ || =|Ax|. Bear- 
ing in mind the definition of the norm of residue classes we obtain: 


|x(M) |= [Ax |= int | || S|] +f 


The properties a)-d) show that the functions x(M) form a ring R with 
unit element and that 


4—+(M) (2) 


is a homomorphic mapping of R onto this ring R. We shall call (2) the 
canonical homomorphic mapping of R onto R. 

Furthermore the properties a), c), d), and g) show that every maximal 
ideal M of R generates on FR a linear functional with the norm | defined 


by the equation 
M(«) = 2(M) 


with given M and variable x. For by these properties we have 
M(x, + +2) = M(41)+ M(42), M(dxr) =1M (x), 
|M\/=s | + || and M(e)—1. 


Furthermore, by the separability condition f), distinct maximal ideals gen- 
erate distinct linear functionals. In the set of all linear functionals on R 
they are distinguished by the property of ‘multiplicativity’ 


M (*1%2) = M(x#1)M (x2) 


(which follows from b)); on this account they are called multiplicative linear 
functionals. 
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By e), we can now formulate Theorem 2 of § 2.3 in the following way: 


THEOREM 3’. For an element x of R to have an inverse tt 1s necessary 
and sufficient that x(M) should not vanish anywhere. 


*5. As an illustration of these results let us determine the maximal ideals 
of the rings W (Example 3, §1.2) and A (Example 6, § 1.2). 

1. Suppose that under the canonical homomorphic mapping with respect 
to the maximal ideal M the element exp (it) of W goes over into the number a, 
so that exp (—it) goes over into a—'. By g) we have that 


|a| || exp(#) |—1 and |a-*|S]] exp (—2#) | =—1, 


and therefore a exp (ito) (Ot) < 2x). Thus, exp (st) goes over into 


(oe) co 
exp (ito). But then >> Cn exp (int) EW goes over into > Cn exp (into). 


T= —0O hm —0O 


Here M consists of all the series that go over into zero, 1.e., all the functions 


(oe) 
> C,exp (int) that vanish at the point fo. 


T= —0O 
On the basis of this result we can now prove the Theorem of Wiener men- 
tioned in §2.2. In fact, suppose that the sum of the absolutely convergent 


C 
series >) c,exp (int) vanishes nowhere. By what we have proved, this 
m=—C 
means that as an element of W it does not belong to any maximal ideal and 
then, by Theorem 2 of §2.3, there exists an inverse element in W, 1e., 


l /{ Dd cnexp (int) $ can also be expanded in an absolutely convergent 
N= —oo 
trigonometrical series. 

2. Just as in the discussion of the ring C (§ 2.2), we can satisfy ourselves 
that the set of all functions of A that vanish at some point Co of the circle 
| | =1 form a maximal ideal in A. Let us show that the converse is also 
true. Let My be a maximal ideal of A and C the number into which the 
function +(€)== EA goes over under the canonical homomorphic mapping 
with respect to this maximal ideal. The function € is a generator of the ring 
A: all the functions of A are limits of uniformly convergent sequences of 
polomials.5 Hence it follows that we have for every element x(€)€A that 


5 For suppose that r€A. -+(f) can be uniformly approximated in the circle 
| ¢| 1 by the functions x(¢/(1 + €)) (e€> 0); and the latter, being analytic in the 
corresponding circle | ¢| < 1-+ «, can be uniformly approximated by polynomials in ¢ 
in the interior of the corresponding circle | ¢| <= 1. 
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x(Mo) = -x(Co), and hence Mo coincides with the set of all x(€)€A for which 
x(Co) =0. We note that 4 does not satisfy the condition a) of § 2.2. 


*6, Note: Our investigation of the maximal ideals of the rings C, Da, W, 
and A has shown that there exists a one-to-one correspondence t= M;, 
between the points t¢ of the domain of definition of the functions x(é) in this 
ring and the maximal ideals M under which x(t) =+(M;,). In these rings 
we shall therefore identify the maximal ideals with their corresponding 
points. 


7. There is a simple connection between the functions +(M) and the spec- 
trum of the element + (Definition 1): 

THEOREM 4: The spectrum of the element x coincides with the set of 
values assumed by the functions «(M). 

Proof: If *«(Mo) =Ao, then (+ —Ace)(Mo) —0, hence + —Aoe E Mo, and 
therefore (1 —Ajoe)—1! does not exist. Conversely, if (#4 —Aoe)—1 does not 
exist, then it means that (*—Ave)(M) vanishes on some maximal ideal Mo, 


i.e., £(Mo) = do. 


8. The kernel of the canonical homomorphic mapping of FR onto the ring R 
formed by the functions +(M) is the set of all elements *€R for which 
x(M) =0, i.e., that are contained in all the maximal ideals of the ring. Let x 
be such an element. By Theorem 4, (4 —Ae)—! exists for all A except A—=0 
and therefore the function (e — Av)! is an entire function. But this means 


foe] 
that the radius of convergence of its Taylor series }) A"x", which is equal 


n=0 
: n = as he nti : 
to lim 1/\/| x | (see § 2.2) is infinite, i.e., 
lim ‘|| «* || =0. (3) 


n> oo 

Conversely, if the relation (3) is satisfied for an element x of R, then the 
Taylor series of (e—Ax)—} is absolutely convergent for all 4; therefore 
(+—je)—! exists for all A except A—0; and therefore, by Theorem 4, 
x(M) =0. 

Thus, the kernel of the canonical homomorphic mapping of R onto the 
ring R of the functions x(M) consists of precisely those elements +€R for 
which the relation (3) holds. / 


DEFINITION 2: An element x€R for which the relation (3) holds is 
called generalized nilpotent® and the set of all generalized nilpotent elements 
is called the radical of the ring. A ring in which there are no non-zero 


6 Obviously, ordinary nilpotent elements, i.e., elements x satisfying the condition 
x*= 0 for some n, are also generalized nilpotent elements. The converse, however, is 
not true in general. 
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generalized nilpotent elements is called, for short, a ring without radical. 
Our result can now be formulated in the following way: 

THEOREM 5: The intersection of all maxwnal ideals of a commutative 
normed ring coincides with the radical of this ring. 


*9, A trivial example of a ring with radical, i.e., a ring in which there are 
non-zero generalized nilpotent elements, is the ring [) of Example 4 of 
§1.2. In this ring D”*+!=0, and therefore all the elements that do not 
contain a constant term are nilpotent; and hence they are also generalized 
nilpotent and form the unique maximal ideal of this ring. 

A non-trivial example of a ring with radical is the ring J of Example 5 
of §1.2. It has as a generating function +9 =1." For #9" = i"—1/(n— 1)}, 
and therefore xo generates all the polynomials; and the latter are every- 
where dense in norm in the space L1(0,1). But 


1 
l l 
A | ee ee n—1 Bi aed 
loll = Gop J Bae at 
0 
so that V/|| 70" || >0 for n> oo. Thus, %o is a generalized nilpotent ele- 


ment. Since it is a generator, all the elements of / that do not contain the 
adjoint unit element are generalized nilpotent. They constitute the unique 
maximal ideal of J. 

Hence it follows that every element Ae + x(t) EJ in which 10 has an 
inverse element we + u(t) in J. By choosing + ==—A?k here we obtain that 
the equation 


t 
u(t)=k(t)-4+2 f k(¢—) u(x) de, 
0 


where k(t) €L1(0, 1), can be solved in L1(0, 1) for every A. 

Examples of rings without radical are the rings C, Dn, W, and A exam- 
ined above. For in these rings we have established a one-to-one corre- 
spondence between the maximal ideals and the points of the set on which 
the functions in the ring are given; furthermore, the value of the function 
x(M) on the maximal ideal M proved to coincide with the value of the 
function «(t) at the corresponding point t. Thus, in these rings the only 
element that vanishes on all the maximal ideals is identically zero. 


*10. Let us now investigate the ring generated by a Hermitian kernel 

k(s,t), where k(t, s) ==k(s,t), defined and continuous in the square Os, 

t1 with the norm |/h |) max {h(s,t) | and the multiplication 
0<s,t <1 


? The unit element of the ring is not counted among the generators. 
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1 
g(s, t)*h(s, t)= fac. «) h(t, t) de, 
0 


and with a formally adjoined unit element. The absence of non-zero gen- 
eralized nilpotent elements is here equivalent to the theorem that a Hermitian 
kernel h(s, ¢) has at least one eigenvalue. For if g(s, ¢) is a generalized nil- 
potent element, then the Hermitian kernel 

1 


g(s. \XFE =f e.dEGya 
0 


is also generalized nilpotent and is equal to zero only when g(s, t) =0. 
But it is well known that the eigenvalues of the Hermitian kernel h(s, t) 
are the singular points of the Neumann series formed for this kernel, 1.e., 
the singular points of the function (e—Ah)—1. Now if h(s,t)s40 were a 
generalized nilpotent element, then this function could not have singularities, 
i1.e., A could not have any eigenvalue, in contradiction to the well-known 
result in the theory of integral equations. 


11. The relation (3) which characterizes generalized nilpotent elements is a 
special case of the following general relation: 


THEOREM 6: For every xER 
% 
sup |x(M)|= lim Vx" (4) 
MEM 1 -> Oo 
where M, on the left-hand side, denotes the set of all maximal ideals of R. 
Proof: We put sup|*(M)|==a. By Theorem 4 the element +— pe 
MEM 


has an inverse for all w with | u | > a, and therefore the function (e —Ax)—}, 
where A= 1/u, is analytic in the circle [A] <1/a. Hence it follows that 
1/a does not exceed the radius of convergence 


l 
ae iF 
lim || ©? || 
nm -> co 
of the Taylor series of this function, or 
—.. —*n 
im Ve] <a. 6) 
T% > oO 
On the other hand, since sup | #*(M) | =a” for all x, we have V || +” || 2a 
MED 


and hence 
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n 
lim Very =a. (6) 
n>ow 


A comparison of the inequalities (5) and (6) leads to the relation (4). The 


e e n e e. i e 
existence of lim \/|| #* || is obtained here as an incidental result. / 
> co 


*12. Asan illustration of Theorem 6 let us consider the ring W of Example 

3 of §1.2. We have found above (§4.5) that there exists a one-to-one 

correspondence t =< M; between the maximal ideals M of this ring and the 

points ¢ of the half-closed interval 0 = t < 2m under which +(M;) =-(¢) for 

allxe€W. Therefore sup | #(M) | = max | x(t) |. Thus, Theorem 6 applied 
MEM, 


to this case shows that the maximum modulus of the sum of an absolutely 
convergent trigonometrical series 1s equal to the limit of the n-th root of the 
sums of the absolute values of the coefficient of the series obtained by raising 
the given series to the n-th power. When Theorem 6 is applied to the ring 
discussed in § 4.10, it shows that the modulus of the first eigenvalue of a 
continuous Hermitian kernel 1s equal to the limit of the reciprocal values 
of the n-th power of the maximum moduli of the n-th iterated kernel. 


§ 5. The Space of Maximal Ideals 


1. As we wish to make the functions x+(M) continuous we naturally intro- 
duce the following topology in the set Mt(A) of all maximal ideals of R. 


DEFINITION 1: Let *1, ..., %, be arbitrary elements of R and let € be 
an arbitrary positive number. The neighborhood [Mo; *1, ..., 4n;€] of the 
maximal ideal Mo is defined as the set of all maximal ideals of M for which 
the inequalities 


| 2, (MI) — x1 (Mo) | <8, oes | Xn (M) — Xn (My) | << 


hold. 

With this definition of neighborhood t(R) becomes a Hausdorff space. 
For, first of all, every maximal ideal obviously has neighborhoods and is con- 
tained in each of its neighborhoods. Further, the intersection of the neigh- 
borhoods 


[Moi Xirtine Rye. Sy) and. Mg} Ragas sss. Le emy So] 
of the maximal ideal Mo contains the neighborhood 
[M); X41, eas | Xn» Xn+1> oe wy Xn+m: min (€,, E>)]. 


Moreover, if M,€[My; x1, ---, Xn @], then we also have 
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[M,; Xiv seer Xn; sc [M,; Xp ees Xn; el, 
where 


(0 <)8 <min{e — | x, (My) — x, (Mp) |, - - -. @— | Xn (My) — Xn (Mo) |}. 


Finally, if M’ 54 M, then by the separability condition f) (§ 4.4) we can find 
an element + € R for which +(M’)  +(M) and the neighborhoods [M ; x; &/2] 
and [M’; x; ¢/2] do not intersect if we take ¢e < | x(M’) — x(M) |. 

The continuity of the functions x(1/) now follows immediately from the 
definition of neighborhood ; in order to find a neighborhood of a maximal 
ideal M in which the values of the function +(M”’) differ from its value in M 
by less than ¢ it is sufficient to take the set [M; 4%; e], which is a neighbor- 
hood by definition. 


*2. Let us verify that in the rings C, D,, W, and A the topology just 
assigned to Yt coincides with the topology of the domain of definition of the 
functions that occur in the corresponding ring (i.e., with the topology of the 
interval for the rings C and Dy, of the circle for the ring W, and of the disc 
for the ring A). To do this, we have to show that every old neighborhood 
is contained in a new one and that, conversely, every new neighborhood is 
contained in an old one. The first follows from the fact that the functions 
a(t) that occur in the ring in question are continuous and therefore the sets 
[to; 41, ..., 4nj €] are open. For the proof of the converse statement we 
note that in each of the rings under consideration there exists a function 
that vanishes only at the given point fo. Let U be an arbitrary neighbor- 
hood of fo and x(t) a function having the property just mentioned. Now 
if for every € the set [to; +; €] were to contain points that are not in U, it 
would mean that the minimum of the function | x(t) | is zero on the comple- 
ment of U. But since x(t) is continuous and the domain of definition of the 
functions in all these rings is compact, | x(t) | would assume this minimum, 
i.e., x(t) would be zero at some point other than to, contrary to assumption. 
Thus, for some ¢ the new neighborhood [f); x; €] is entirely contained in 
the old neighborhood U. / 


3. THEOREM 1: The space It(R) of maximal ideals of a commutative 
normed ring R, topologized in accordance with Definition 1, 1s compact. 

Proof: With every element x of R we associate the circle Q, in the com- 
plex plane with radius || x || and center at the origin. Let Q be the topo- 
logical product of all these circles, i.e., the space whose points are arbitrary 
sets (Az) of numbers 41,€Q, (where x ranges over the whole of FR) and in 
which a fundamental system of neighborhoods of the point {A,©} is con- 
stituted by the set 
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{Q.z): [ho— dap | <e, +++ | he, —Aey| <e}, 


given by arbitrary finite collections of elements +, ..., #,€R and arbitrary 
positive numbers €. Since all the Q, are compact, Q is also compact, by 
Tychonov’s Theorem.® 

In virtue of the inequality | *(M)|= | x ||, every maximal ideal M cor- 
responds to a point M’ = {u,}€Q, where u,—-+(M). Furthermore, by the 
separability condition f) (§ 4.4) two distinct maximal ideals correspond to 
points that differ from each other in at least one coordinate and are there- 
fore distinct. Thus, Jt == Mt() is mapped one to one onto a part Mt’ of the 
space Q. A comparison of the definitions of the topologies in Yt and in Q 
now shows that this mapping is homeomorphic. To satisfy ourselves of the 
compactness of the space Yt it now remains to show that Yt’ is closed in Q. 

Let A= {i,} be an adherence point of Qt’. Let us show that AEM’, 
i.e., that there exists a maximal ideal Mo such that A, = x(Mo) for all x ER. 
To this end, we show that Ag4,—=)Ae Ay, PAc Ape, and Ay, ==Agly. We 
confine ourselves to proving the last of these relations; the proof of the 
first two proceeds along similar lines. Let us consider the neighborhood of 
A determined by the elements e, x, y and xy and an arbitrary positive num- 
ber ¢. Since A is an adherence point of Mt’, we can find a point M’E’ 
belonging to this neighborhood, i.e., for some MEM we have 


|X. —e(M)|=|rAe— 1] <e, 
|Ao— x (M)| <8, [Ay—y(M)] <e, 
| Noy — (¥9) (M) | =| xy — * (M) 9 (M) | <6. 


But then 


Ay [2 (M) — dol] S| Ray — « (M) 9 (M)| + Me Hl 9 DA, 
+ Ay |] (M)— Aw | << e (1+ Hell FIA): 
and since € is arbitrary, it follows that 
hoy =Aghy Ae = 1. 
Thus, the correspondence +—>A, is a homomorphic mapping of F into the 


field of complex numbers; the kernel of this mapping is then a maximal 


ideal Mo such that x(M,)) =A, for all rEeR. # 


8 See P. S. Aleksandrov, Introduction to the General Theory of Sets and Functions, 
Moscow-Leningrad, 1948, p. 394 [in Russian; English translation in prep.]. (Or see, 
for example, J. L. Kelley, General Topology, p. 143; Royden, Real Analysis, p. 144.) 
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Note: We have arrived at the definition of the topology in the set Mt of 
maximal ideals as a result of having set out to make the functions x+(M) 
continuous on Jt. The following proposition shows that this requirement 
uniquely determines the topology in St for which Yt becomes compact. 


THEOREM 1’: Let DV’ be the space of all maximal ideals of a commutative 
normed ring, topologized in any way so that 1) DW is compact and 2) the 
functions x(M) are continuous on DY. M’ is then homeomorphic to M, 
where Wt is the space of these maximal ideals, topologized in accordance 
with Definition 1. 

Proof: The mapping of Yt’ onto Mt that associates every maximal ideal 
MEN? with itself in Mt is one to one. In consequence of condition 2) the 
inverse image in Mt’ of every neighborhood, and therefore also of every open 
set, of Jt is an open set in Yt’. Thus, this mapping of Mt’ onto Mt is con- 
tinuous. But since Jt and Mt’ are compact (condition 1)) and Mt is even a 
Hausdorff space, the inverse mapping is also continuous by a well known 
theorem of topology, i.e., Yt’ is homeomorphic to Mt. / 


*4, This theorem contains as special cases facts proved above (§5.2) that 
in the rings C, D,, W, and A the topologies of the sets of maximal ideals 
coincide with the original topologies of the domain of definition of the 
corresponding ring. From this it also follows that the space of maximal 
ideals of the ring C(S) of all continuous complex functions on the compact 
Hausdorff space S that was studied in § 2 is homeomorphic to S. 


5. In conjunction with results obtained in § 4, Theorem 1 yields Theorem 2. 


THEOREM 2: Every commutative normed ring can be mapped homo- 
mor phically onto a suitable ring of continuous functions on a compact Haus- 
dorff space and the kernel of this homomorphic mapping ¢s the radical of 
the ring. Thus, if the radical of the ring consists of 0 only, this mapping ts 
an isomorphism. 


*6. Does the result just formulated perhaps give something new when 
applied to rings of functions with the ordinary algebraic operations? We 
answer this question as follows: By finding the sets of all maximal ideals 
we establish a natural domain of definition of the functions that form the 
ring. 

First of all, it is clear that every point fo of the originally given domain 
of definition of the functions of the ring generates a maximal ideal: the 
mapping x(t) — x(t ) is a homomorphic mapping of the ring onto the field 
of complex numbers; and in virtue of the definition, +(Mo), where Mo is 
the maximal ideal generated by the point to, is here equal to x(to). But if 
two distinct points ¢; and t, are to generate two distinct maximal ideals, it 
is necessary that these points be ‘separable’ in the ring in question, i.e., that 
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there exist a function x(t) in this ring for which #(t;) 4 -+(te). But if the 
points ¢,; and tj are not separable in the given ring, then if we identify all the 
points ¢ with the maximal ideals corresponding to them they are ‘fused,’ 
coalesced into one maximal ideal. Thus, the points that differ by an integer 
multiple of 2 are fused when the points of the line are identified with the 
corresponding maximal ideals of W; the line is then converted into the 
circumference of a circle of radius 1—the natural domain of definition of 
the functions of the ring W, inasmuch as they all have the period 2x. 

But this is not the only change that the originally given domain of defini- 
tion of the functions forming the ring can undergo when the transition to 
maximal ideals is made: it may also be expanded. Let us consider, for 
example, the ring C, taking the functions occurring in it as given only at the 
rational points of [0,1]. Since the rational points are everywhere dense in 
[0,1], the functions of C, being continuous, are completely determined by 
their values at these points. However, the set of maximal ideals of the ring 
C as thus defined is not exhausted by the set of rational points: maximal 
ideals are, as before, all the points of [0,1]. The transition to the ring of 
functions in question as given on the set of all maximal ideals means here 
the extending of the domain of definition of the functions to its natural 
limits ; in topological terms, a transition from the space of rational points 
(in the topology induced on [0,1]) to its compact extension.° 

In this connection let us consider the ring B formed by the continuous 
almost periodic functions (Bohr) on a line, with the norm 


Wee. See a) 


and with the usual algebraic operations. The points of the line are sep- 
arable in this ring, so that no fusion occurs on transition to the maximal 
ideals. However, the set of all maximal ideals is not exhausted by the points 
of the line. For if that were the case, then the fact that an almost periodic 
function does not vanish would imply that its reciprocal is also an almost 
periodic function; but this is refuted by the example of the function 
2—sin x—sindyx for A irrational. It does not vanish anywhere; however, 
the greatest lower bound of its values is zero and its reciprocal is therefore 
not bounded and so does not belong to B. 


*7, In the last two examples the points of the original domain of defini- 
tion of the functions of the ring were everywhere dense in the compact 
space of maximal ideals, and finding all the maximal ideals has the character 


9 See § 43. 


42 I. GENERAL THEORY OF COMMUTATIVE NORMED RINGS 


of a topological completion of the original domain.’ Extensions of another 
kind, however, are also possible. Consider, for example, the ring A. Since 
the functions belonging to this ring are completely determined by their 
values on the boundary of the circle | |=1, we could regard A as a ring 
of continuous functions given a priori not on the whole circle, but only on 
the circumference |€|/==1. In introducing the maximum modulus on the 
circumference as the norm, we would be preserving the old norm, because 
the maximum modulus of a function regular in the interior of the circle 
|€| <1 is assumed on the boundary of this circle. However, the set of 
maximal ideals of 4 is not exhausted by the points of the circumference 
|C | =1; moreover, these points are not even located everywhere dense in 
the compact space of maximal ideals, which, as we know, coincides with the 
whole circle. The transition from the points of the domain of definition, 
given a priori, of the functions of the ring to the space of maximal ideals 
has the character here not of a topological, but of an ‘analytical’ extension of 
this domain. 

To sum up, we can say that on transition from the original domain of 
values of the ring of functions to the space of maximal ideals the following 
occur: 1) a ‘fusion’ of points that are inseparable functions of the ring; 
2) a closure of the set of points so obtained ; and possibly, 3) its ‘analytical’ 
extension, when further maximal ideals (maximal in the topological sense) 
are added, where these maximal ideals are, however, completely determined 
by giving the ring on the original domain. 


8. In order to give the topology in the set of maximal ideals it is not neces- 
sary to make use of all the elements of the ring. 

DEFINITION 2: A set K of elements of a normed ring R is called a system 
of generators of this ring if the smallest closed subring with unit element 
containing K is the entire ring R. 


Note: The unit element is not included among the generators. 

THEOREM 3: The set {U} of neighborhoods of the form [M; 4m, ..., 
4n;€], where x; ranges over all the elements of a system K of generators of 
R,is a fundamental system of neighborhoods in M. 

Proof: We have to show that every neighborhood [M; y1, ..., yn; €] 
contains a neighborhood of {U}. Let 


Py(ay1,..., ¥1x,), ere cs rae Xnky) 


1In the second example, the topology on the line — oo <t< + o induced by the 
compact space Mt is different from the usual topology of the line; see §§ 29.8 and 43.2. 
The space IR of maximal ideals of the ring B can be found in § 29. 
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be polynomials in elements +,,€K (lin, 1=k=k;,), differing in norm 
from the corresponding elements yi, ..., Va by less than ¢/3 and let 8 be such 
that [M; 4%11,..., ¥nx, 35] is contained in [M; Py,..., Pa; e/3]. Weclaim 
that the neighborhood [M; x1,..., nx,,; 8] (which belongs to {U}) is con- 
tained in [M; 41, ..., Wn; €]. Indeed, we have 


| yi (M’)— 94 (M)| S | 94 (MM) — Py (i, (MD) | + 
1 Ps {Xin (M9) — Pi {xi (M)}] +1 Pi (x, (MD) — i (M/S 


S2||P5— yall +1 Ps (xe (M)\—P; (xa (M} |S 2a+4=8 


for all M’ of this neighborhood and alli==1,..., 2”. / 


*9, Note: If R admits a countable system of neighborhoods %1,..., %n,.-- 
or, what 1s equivalent, if R 1s separable, then Mt satisfies the second axiom 
of countability (and hence, by the theorem of Uryson,? It is metrizable). 
For let 71, ..., 7n, ... be a sequence of all the complex rational numbers (..e., 
the numbers of the form r-+ st, where r and s are real rational numbers). 
We claim that a fundamental system of neighborhoods in Mt is the (countable) 
collection of all open sets of the form 


{MEM : | #n,(M) —1m, | <1/p (R=1,...,1; paninteger)}. (1) 


By Theorem 3, it is sufficient to show that every neighborhood [Mo; 4n,,..., 
%n,;€] contains such a set. But for this purpose we only have to take in (1) 
p > 2/e and | rm,— *n,(Mo) | << 1/p (R=1,..., J). 

10. Of special interest is the case where the ring has a finite number of 
generators. 

THEOREM 4: [f the ring R has a finite number of generators 1, ..., Xn, 
then Mt—==M(R) is homeomorphic to a closed bounded subset of complex 
n-dimensional space. 

Proof: M— (4#,(M), ..., 4,(M)) is a continuous single-valued mapping 
of Mt onto some closed bounded subset Yt’ of complex n-dimensional space. 
We shall show that this mapping is one to one; since Yt and M?’ are compact 
Hausdorff spaces, it is then continuous both ways, i.e., Mt is homeomorphic 


to DV’. 


2See P. S. Aleksandrov, Introduction to the General Theory of Sets and Functions, 
Moscow-Leningrad, 1948, p. 388 [in Russian; English translation in prep.}. (Or see, 
for example, W. Sierpifiski, General Topology, Toronto, 1952, p. 128; J. L. Kelley, 
General Topology, p. 125; P. Alexandroff and H. Hopf, Tepologie, 1, Berlin, 1935, 
pp. 81 ff.) 
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Suppose that two points M@, and Mz are mapped into the same point of 
M’. This means that 7;(M,)—=-+1(Me), ..., xn(M@1) =24n(M2). Then for 
every polynomial P formed from 4%, ..., %, we have P(M,;) = P(M2) and 
since 41, ..., %, are generators of the ring, the equality +(1/,) = +(Mz) is 
satisfied for all rE A. But in that case, by the separability condition f) of 
§ 4.4, we have M,;=Mo. 


Theorem 4 implies, in particular, that if Ris a ring with a single generator, 
then Wt 1s homeomorphic to a closed bounded set of points of the complex 
plane. 


*11. The question arises: how can we characterize the sets that are homeo- 
morphic to the space of maximal ideals of rings with » generators among all 
the closed bounded subsets of the complex n-dimensional space C*? The 
answer to this question is as follows: A set FCC* is homeomorphic to the 
space of maximal ideals of a normed ring unth n generators tf and only if tt 
1s bounded, closed, and convex with respect to polynomials. By convex 
with respect to polynomials we mean the following: For every point 
co — (C,, ..., Sn°) not belonging to F we can find a polynomial 
P(i, ..., Ga) that assumes the value 1 at C= and values whose absolute 
value is less than 1 at every point CE F. 

To prove this we argue as follows. Let R be a normed ring with n genera- 
tors 21, ..., &n, Mt the space of its maximal ideals, and F the image of M 
under the mapping M > C= (21(M),..., 2n(1Z)). Fis aclosed and bounded 
set in C*; we have to show that it is convex with respect to polynomials. 

Suppose that there is a point ¢° = (C1, ..., €:{°)€C* not belonging 
to F. This means that there exists no homomorphism of F into the field 
of complex numbers that carries each generator 2; into C;°® or, what is the 
same, there exists no maximal ideal of R containing all the differences 
2; —C;e, where e is the unit element of the ring. But the set of all finite 
sums of the form 


2 (z,— Me) F (2) 


where q; are arbitrary elements of R, obviously forms an ideal in R. Since 
this ideal does not belong to any maximal ideal, it must coincide with the 
whole ring FR; in particular, for a suitable choice of the elements g; the sum 
(2) gives the unit element of the ring: 


n 


The elements q; that occur in (3) can be approximated in norm with 
arbitrary accuracy by polynomials P; in the generators 2;,..., 2,. In par- 
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ticular, these polynomials can be chosen so that the norm of the difference 


nT 

— — (0) 

e D(z; oe) P, (4) 
j=l 

becomes less than 1. The expression (4) represents a certain polynomial 

P(g, ..., 2n) in the generators 2,,..., 2n. Let us consider the polynomial 

corresponding to it 


” 
P(bq, 20s Sn) = 1— (6; — 00) Py (Oy, «+1 On) 
j=l 


By construction, this polynomial 
a) assumes the value 1 at the point 6 ; 
b) assumes values of absolute value less than 1 at every point CE F. 
Thus, F is convex with respect to polynomials. 
Suppose, conversely, that F is a closed bounded set in C*, convex with 
respect to polynomials. In the ring R’ of all possible polynomials 


P(Gi, ..., Gn) we introduce a norm given by the formula 
| P| = max | PG... be) | (5) 
CEF 


and we let & be the completion of A’ in this norm. 

R is a ring of continuous functions on F having the functions 2;(C) =, 
(j==1,..., n) as generators. Obviously, every point °° €F determines a 
maximal ideal of R corresponding to the homomorphism 2,—> (¢ (j= 1, 
..., ”) and distinct points determine distinct maximal ideals. Since R is a 
ring with the generators 21,..., 2n, the space Jt(F) of its maximal ideals can 
be regarded as a subset of the space C* containing F. Suppose that the 
point 6‘!?€ C* does not belong to F. Then, by the condition on F, there is a 
polynomial P(€,, ..., G2) whose values on F are of absolute value less than 1 
and at the point C°? is equal to 1. Since F is a closed bounded set, the norm 
of this polynomial, in accordance with the definition (5), is less than 1; 
therefore the polynomial P(z,, ..., 2,)€R assumes values less than 1 in 
absolute value on every maximal ideal and therefore the point ¢‘!” cannot 
be in M(R). 

Thus, F coincides with Jt(R) and our statement is completely proved. / 


For n= 1, the set Yt admits a simpler characterization, one that can be 
given, moreover, in purely topological terms: Jt is a closed bounded set in 
the complex plane C! that does not split the plane (i.e., has a connected 
complement). A proof of this statement will be given in §10. Note that 
even for a ring with two generators there cannot be a purely topological 
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characterization of the set of maximal ideals as a subset of the complex 
two-dimensional space C?._ For example, the circle | 2, |= 1, | z2|=0 
cannot be the set of maximal ideals of any normed ring with the generators 
21, 82, while the circle 2; = exp (iq), 22 == exp (—im) (0=@ < 2x) can be 
identified with the space of maximal ideals of the ring of all continuous 
functions on this circle whose generators are 2; and 2o. 


§ 6. Analytic Functions of an Element of a Ring 


1. If a normed ring R contains the element +x, it also contains all the poly- 
nomials in x and, more generally, all the ‘entire’ tunctions of x, 1.e., all the 


elements of the form > Cnx", where the series > c,G” represents an entire 
n=0 n=0 


analytic function of the complex variable C. For in this case the series 


3 Cnx" is majorized by the convergent series > lcn| || # ||". Thus, to 
n=0 
every entire analytic function f(¢) = > cn” there corresponds an ‘abstract’ 


co 


analytic function f(x) = >) cnx” defined on all the elements of the ring. 
n=0 
Moreover, 


f(x) (M) = >» Cnx" (M) = f (x (M)), 


since whenever the ring R contains the function x{M) it also contains the 
function f(#(M/)), whatever the entire analytic function f(€) of the complex 
variable €. Furthermore, we have seen that the ring contains the inverse 
element +! of each of its elements + for which x(/) does not vanish on 
any maximal ideal. Thus, to the analytic function 1/€ with a pole at C==0 
there corresponds the abstract ‘analytic’ function x—1, which is defined for 
all the elements + whose spectrum does not contain the point 0, i.e., 1s com- 
pletely contained in the domain of regularity of 1/C€; moreover, 


(a-1)(M) = 1/x(M). 


In just the same way, more generally, there corresponds to every rational 
function R(C) = P(C)/Q(C) of the complex variable ¢ an abstract ‘rational’ 
function R(x) = P(x)[O(x)]-} which is defined for all the elements x 
whose spectrum does not contain any of the zeros of the polynomial Q(6), 
i.e., is completely contained in the domain of regularity of R(¢) ; moreover, 


R(x(M)) = P(«(M))/Q(4(M)). 
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Naturally, the question arises whether this correspondence, which has 
been established for entire and for rational functions, can be extended to 
arbitrary analytic functions. This question is answered in the affirmative 
by the following theorem: 

THEOREM 1: Let f(€) be an analytic function of the complex variable C 
and x an arbitrary element of R whose spectrum 1s contatned in the domain 
of regularity of this function. The integral 


ont mt | Oe AY F0)ad (1) 


where I’ is an arbitrary rectifiable contour contained in the domain of regu- 
larity of f(S) and such that the spectrum S, of x is contatwned in the interior 
of the domain bounded by it, exists and does not depend on the choice of I, 
subject only to the conditions stated. Under the canonical homomorphic 
mapping of R into the ring R of functions x(M) the element f(x) that 1s 
represented by the integral (1) goes over into the function f(x(M)): 


f(X.(M=f~(M), 


so that whenever R contains x(M) it also contains f(x(M)), no matter what 
the analytic function f($) of the complex variable © may be, as long as it 1s 
regular on the set of values of x(M). 

Proof: The function 2(A) = (Ae — +)—1f(A) of the variable A that occurs 
under the integral sign in (1) exists and is continuous in norm along the 
contour I’, in virtue of the choice of this contour. Therefore, in accordance 
with what we have said in § 3.1, the integral (1) actually exists in the sense 
of convergence in norm. Moreover, it does not depend on the choice of I’, 
subject of course to the conditions of the theorem, since 2(¢) is an abstract 
analytic function of € regular outside S, and, as we have seen in § 3.1, 
Cauchy’s Theorem holds for such functions. Finally, since for fixed M 
and x variable x(M) is a linear functional of x (see § 4.4), we have by the 
formula (2) of § 3 and Cauchy’s Integral Formula 


f (x) (M) = ~ fQe—x7 (M) f Q) a = 


far 
= Wiig T= 


The proof of the theorem is now complete. // 
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*2. This theorem contains as a special case the following generalization 
of Wiener’s Theorem, mentioned in §§2.2 and 4.5, which is due to 
P. Levy [34] :3 

Suppose that the Fourier series of the periodic function x(t) 1s absolutely 
convergent and that the values of x(t) lie in the circle |E—C°| <<. If f(s) 
1s a function of the complex variable ©, regular for all points of the circle, 
then the Fourier series of {(x(t)) 1s absolutely convergent. 


3. An extension of Theorem 1 to the case of (in general, many-valued) 
analytic functions of several elements of the ring will be given in § 13. 


*4, We conclude the present section by establishing the algebraic and 
topological properties that characterize the mapping 


$55 [ Qe—xy 70) ar. (1’) 
T 


Let D be a non-empty closed bounded set in the plane of the complex 
variable C; Ap, the ring of all analytic functions regular on D (with the usual 
operations of addition and multiplication) ; ©, the set of all elements of a 
normed ring R whose spectrum is entirely contained‘ in D; and Ro, the ring 
of all functions defined on © with values in R. 

THEOREM 2: The mapping of the ring Ap into Rg given by formula 
(1’) has the following properties, which determine it uniquely: a) it ts an 
algebraic tsomorphism under which b) f(C)=1 goes over into f(x) =e, 
c) {(C) =C goes over into f(x) =x, and d) a sequence of functions f,(6) that 
is uniformly convergent in some closed domain containing D goes over into 
a sequence of functions fn(X) that converges in norm for every x ED. 


Proof: To begin with, we show that if a mapping having all these prop- 
erties exists, then it is expressed by the formula (1’), and then we shall 
satisfy ourselves of the fact that the mapping (1’) does in fact have all 
the properties. 

Suppose, then, that the mapping f(C) — f(x) in question exists. By the 
conditions a) and b) the function 1/f(), if it is contained in Ap together with 


f(S), goes over into f-1(r) = [F(x)] —1_ Now let € be any point not belong- 
ing to D. Then the function (€ —Co)~?! is contained in Ap; and by what 
has already been shown, it must go over into the function (*—oe)—}, 
because €-— Cy goves over into x — (Coe in virtue of the conditions a), b), and 
c). Since x€®, by assumption, and €o¢ D, the latter function actually exists. 


3 See also A. Zygmund, Trigonometric Series, Vol. I, Cambridge, 1959, pp. 245-247. 
4D is not empty: if A0€ D, then in any case Ave ED. 
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We now consider an arbitrary function f(€)€ Ap. Since f(¢) is regular on 
the closed bounded set D, there exists a rectifiable contour I‘ which lies 
entirely in the domain of regularity of f(C) and which encloses D and has 
a positive distance from D. By Cauchy’s Formula we have, for all points 
ced, 


d 
I 


The right-hand side of this equation is the limit of a sequence of sums 
of the form 
” 
_! F Ox) e412 — Ax) 
fn ©) = Oni cer = coe (A, EL), 

k=0 
which converges uniformly on the whole set D. In consequence of what 
we have shown above and of condition a), there corresponds to each such 
sum an abstract function 


Fn (2) = 5 YF Ow) One — 297! Ona — bv). 
k=0 


By the condition d) these functions must converge in norm to a limit for 
every r€D. But they are approximating sums for the integral (1), which, 
as we have seen in the proof of Theorem 1, actually exists in the sense of 
convergence in norm and does not depend on the choice of the contour I" 
lying in the domain of regularity of f(S) and enclosing the spectrum of x. 

Thus, we have come to the conclusion that to every function f(C)€Ap 
there corresponds an abstract function 


F=f dent raya, I”) 
r 


and this function actually exists and is uniquely determined for all x€®. 
We shall now show that the mapping f(¢)—> f(x) given by formula (1’) 
has, in fact, the properties stated in the theorem. 
Let us show that this mapping is homomorphic. The proof requires only 
that products go over into products. In other words, we have to prove 
the equation 


ay | Cea 1s) £0) a= 
r 


=o foc—a-rayas f ae—x 2) ah, (2) 
Yr Yr 
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where I" is a rectifiable contour completely contained in the common domain 
of regularity of the functions f(€) and g(¢) and containing the spectrum of + 
in the interior of the domain bounded by it. In the second integral on the 
right-hand side, upon replacing the contour I‘ by a contour I; that contains 
it, has a positive distance from I’, and is still completely contained in the 
domain of regularity of the functions f(¢) and g(C), we obtain 


OnE a a | 0-2)" g(Ajda= 


= foe 2-*e— a7 & (4) dA du = 
ae 


ae ey ff age LW ae) [(Ae — x)7~!— (ue — x) 1] dh du = — 


=> icons f selee sO at 


r, 
tae fee teen( f Ot) a 
Tr, r 


Since the function f(A)/(u—A) is regular for all we I, in the closed domain 
of the A-plane bounded by I’, the second summand on the right-hand side is 
zero by Cauchy’s Theorem. Further, since A is an interior point of the 
domain of the u-plane bounded by I, the inner integral in the first summand 
is equal to g(A) by Cauchy’s Formula. We thus obtain equation (2). 

Let us now show that C goes over into +, i.e., that the equation 


1 
py | We— sy teata x 
r 


holds. Since the function f(€) == is regular in the whole plane, we can 
take for our Ia circle of arbitrarily large radius with center at 0. We choose 
this circle so that the series 


C(le—x)taete-teten-2xt ... 


converges absolutely on it. Upon integrating term by term, we obtain 


—] _ 
ni ar f Ce 2 


= m1y 4p pH2y2 _ sf “1 gt = 
ie ee x+¢ P+... Jd xa Clat =x. 
Yr r 
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Similarly, we can establish that 1 goes over into e. 

Suppose now that f»($) > f(€) uniformly in a closed domain D’ contain- 
ing D. By taking for I‘ a contour lying inside D’, containing D, and having 
a positive distance from D, we have 


Wf(2)— fn (x)= 


= 


I 
ay f ee—2) 14) — m0) dh 
r 


1 
S MAE F0)— fo O)I-ge f 02st] a|-r0 (n > 00). 


It remains to show that the homomorphic mapping f(t) > f(x) is an 
isomorphism, i.e., that f(x) is identically zero only when f(€) =O. 

But if f(C) =£0, then there exists a closed set D; < D such that f(C) 40 
at all the points of D;. Then 1/f(€)€A4p,, and the function f—1(x) is defined 
for all x whose spectrum is contained in D;. By what we have shown 


above, we have f(x)f—1(x) =e; and hence f(x) 0 for all these wr. WA 


§ 7. The Ring R of Functions x(M) 


1. In §4 it was shown that to every element x of a commutative normed 
ring R there corresponds in a natural manner a function +(M) defined on 
the set Mt of all maximal ideals of R, that these functions form a ring R with 
unit element under the ordinary algebraic operations, and that r— x(M) is 
a homomorphic mapping of R onto R whose kernel is the radical of R. It 
was thus shown, in particular, that every commutative normed ring R with- 
out a radical admits a canonical representation in the form of a ring of 
functions R. The supply of functions +(/M) is large enough to ‘separate’ 
any two distinct points of Jt; and in §5 we used these functions to define a 
topology in Mt under which Yt becomes a compact Hausdorff space and the 
x(M) turn out to be continuous functions on this space Nt of maximal ideals. 

The question naturally suggests itself: Is the supply of functions +(M) 
large enough so that all the continuous functions on Jt can be approxi- 
mated by the x(M/)? 


*2. In the ring 4 this problem has a negative answer: As we have seen, 
the space of maximal ideals of this ring is the circle |€| 1; and since 4 
is closed under passage to the limit, uniformly on this circle, a non-analytic 
function that is continuous in |€|<1 cannot be uniformly approximated 
by functions of 4. 

3. DEFINITION 1: Let R be a commutative normed ring. The ring R of 


functions +(M) defined by FR will be called symmetric if the complex con- 
jugate of every function in F is also contained in R, 1.e., if for every ER 
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there exists a y€R such that y(M/) = x(M) on the set M of all maximal 
ideals M of R. 


*4, The ring A (which, as we have seen, can be regarded as coinciding with 
A) is unsymmetric: +(€) and x(€) can only be simultaneously analytic in 
the circle |€| <1 if x(€)==const. By way of contrast, the rings C, Dn, 
and W (regarded as rings of functions on the sets of their maximal ideals) 
are symmetric: for C and D,, this is obvious; and in the ring W, the con- 
(ee) (oe) 
jugate of >) cnexp(int) is ) c_nexp (int). 
N= —0O N= —0o 

5. THEOREM |: /f R is a symmetric ring, then every function f(M) con- 
tinuous on Wt ts the limit of a uniformly convergent sequence of functions 

a(M)ER. 

Let us note, first of all, that by the symmetry of R the real and i imaginary 
parts of each function x(M) ER also belong to R. Moreover, if 


a(M1) Ax(M2), 


then at least one of the corresponding inequalities for Ra(M) or Br(M) 
must be satisfied, so that distinct maximal ideals can already be separated 
by real functions of R. Furthermore, when +(M) is close to f(M), then 
Rx(M) is close to Rf(M) and Yr(M) to Sf(M), and vice versa. Thus, 
Theorem | reduces to the following theorem. 


6. THEOREM 1’: On the compact space M let a set K of continuous real 
functions be given that contains all the constants and is an algebraic ring with 
the usual operations of addition and multiplication and 1s such that for any 
two points M,;x4 Mz there exists a function g(M)EK for which 
o(M1) ~q(Me). Then every continuous real function given on IN 1s the 
limit of a uniformly convergent sequence of functions of K. 

Proof of Theorem 1’: We denote by CR(M) the space of all continuous 
real functions on It with the norm | f(M) | = max | f(M)| and by K the 
closure of K in CR(M). We have to show that K=CR(Qt). We break 
the proof up into several successive steps. 

l. If f(M)€K, then | f(M)|€K. 

For f(M) as a continuous function given on a compact space is bounded: 


| f(M) | <a, We have 


|f(M)|=Ve—[e@— PM =a 1—(1— re) 


nef. -S ptt Ago 


n=1 


§7. THE RING R or Functions x(M) 53 


where the series converges uniformly, since 0O=1—/f?(M)/a?=1. Thus, 
| {(M) | is the limit of a uniformly convergent sequence of functions of K 
(namely, the partial sums of this series), so that it also belongs to K. 

2. If f(M), g(M), ..., (M) belong to K, then 


max [f(M), g(M), ..., (M)] 
and 
min [f(M), g(M), ..., 1M] 
also belong to K. 
It is obviously sufficient to verify this for the case of two functions. But 


max [f(M), g(M)] = [f(M) + g(M) + | f(M) —g(4) |] /2 


and 


min [f(M), g(M1)] = [f() + g(M@) — | f(M) — g(M) |] 72, 


so that the truth of our statement follows from the result obtained in the 
preceding step. 

3. For any two points M,< Mz there exists in K a non-negative function 
that does not exceed 1 and ts equal to 1 in M, and to Oin some neighborhood 
of Mo. 

By assumption there exists a function p(M)€K such that (M1) ~ (M2). 
We put p(M) = [e(M) — g(M2)]/[p(1) — p(Me)]. Obviously, 


w(M,) = 1 and w(M2) —0. 


By continuity, p(M) < «<1 in some neighborhood of Mz. The function 
4 (M2) = max [w(7) — £,0]/(1 —e) is then equal to 1 in M, and to 0 1n 
the entire neighborhood just mentioned of M2 and is non-negative; hence, 
w(M) == min [y(M), 1] satisfies all our conditions. 

4. Let F be a closed set in M and M, a point not belonging to it. Then 
there exists in K a non-negative function that does not exceed 1 and is 
equal to 1 in M, and to 0 on the whole of F. 

For to every point M.€F there corresponds some function with the prop- 
erties listed in 3. above and, in particular, having some neighborhood in 
which the function is equal to zero. Since F is compact, there exists a finite 
number n of such neighborhoods covering the entire set F. Let wi(M), 

.., Wn(M) be the corresponding functions. Then the function w(M) = 
min [w:(M), ..., @n()] obviously satisfies all our conditions. 

5. Let F, and Fy, be two non-intersecting closed sets. Then there exists 
in K a non-negative function that does not exceed 1 and is equal to 1 on Fy 
and to O on Fo. 
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For by what we have shown in the preceding stage of the proof, to every 


point M,¢€F, there corresponds a certain non-negative function p(M)€K, 
that does not exceed 1 and is equal to 1 at that point and to 0 on Fy. By 
continuity, p(M/) > 1 —e > 0 in some neighborhood of M,;. Then the func- 
tion y(M) = min [@(M), 1 —e]/(1 —£) is equal to 0 on F2 and to 1 on the 
whole of this neighborhood of M,. By letting M, range over the whole of 
F,, we obtain a covering of the compact set F, by neighborhoods. From 
this we choose a finite covering U,,..., Un; let wi(M), ..., Wa(MZ) be the 
corresponding functions. Then the function w(17) == max [yWi(M), ..., 
Wn(M)] satisfies all our conditions. 

6. K=cCR(M). 

For let f{(M) be an arbitrary continuous real function on Mt. Without 
loss of generality we may assume that min f(/) =O and max f(M) —1. 
Let ~ be a natural number. We denote by P;, the set of points M at which 
f(M) =k/n, and by Q, the set of points M at which f(M) = (k+1)/n 
(k=O, 1,...,n—1). By the continuity of f(1/), all these sets are closed. 
Here Pp CP1C...CP,_1, Q9DQ1D...DQ0,_1, and P, does not intersect 
Ox. Let wr(M) be a function of K constructed for Q, and P, as 
described in the preceding part of the proof, i.e., a function that 1s equal 
to 1 on Q,; and to 0 on P, and has 0 and I as its lower and upper bounds. 


We put p(M) = 7 »> Wi.(Z)..We claim that | f(7) —yp(M) | S1/n. For 
k=0 


suppose that at the point M the value f(M) lies between k/n and (k + 1)/n, 
so that M is contained in Q,_1 and Pz4, Then wo(M)—y,(M)—...= 
We-1(M) = 1, We4i(M) = Ye 42(M) =... = Yn-1(M) = 0; and since 
O=y.(M) = 1, we have kR/n =y(M) S (k+ 1)/n; consequently f(7) and 
w() lie in the same interval of length 1/n, and hence 


| (2) —y(M) | S 1/n. 


Now, since » is arbitrary and K is closed, we have f(M)eK. Thus, 
K =CRt), as asserted in Theorem 1’. / 


Theorem 1 is an immediate consequence of Theorem 1’. / 


*7, Obviously, Theorem 1’ contains as a special case the well-known 
approximation theorem of Weierstrass (for algebraic and trigonometric 
polynomials in an arbitrary number of variables). As another illustration 
of Theorem 1’, we consider an algebraic ring K defined on the topological 
product S  T of the compact Hausdorff spaces S and T and generated by 
the collection of all functions of the form @(s)w(t), where m(s) and w(t) are 
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continuous real functions defined on S and T, respectively. The elements 
of this ring are obviously continuous on the compact space S & T. Further, 
since S is completely regular, for two arbitrary points 513452 of S there 
exists a continuous function @(s) such that @(s1) ~ (se), and the same is 
true of 7. Therefore we can also find, for two arbitrary points 
(51, #1) 4 (52a, te) of S & T, a function in K that assumes distinct values at 
these points. Thus, the set K satisfies all the conditions of Theorem 1’ and 
we have the following result: Every continuous real kernel k(s,t) given on 
SX T can be uniformly approximated by ‘degenerate’ kernels of the form 


nm 
2 p(s) x(t), where wx(s) and w,(t) are real continuous functions given on 
heey 


S and T, respectively. 

Note: The condition that the set K of Theorem 1’ contains the products 
of its elements was used only in part 1 of the proof of this theorem. Thus, 
we have in fact proved the following proposition: 

Let a set K of real continuous functions given on a compact space MM 
satisfy the follawing conditions: 1) It contains the function o(M)=1; 
2) tt contains the sum of every pair of functions belonging to K ; 3) for every 
p(M) in K it contains )\@(M), where dis an arbitrary real number; 4) tf 
p(M) ts in K, then | @(M) | is also in K; and 5) for every patr of points 
M,+~ Mz, it contains a function ~(M) such that p(M;1)~@(Me). Then 
every continuous real function given on Wt is the limit of a untformly con- 
vergent sequence of functions of K. 


8. From Theorem 1 we immediately deduce the following theorem. 


THEOREM 2: [If R is symmetric and if the uniform convergence of the 
functions x+,(M)€R implies the convergence in norm of the elements +, of 
R, then R is isomorphic to the ring C(M) of all continuous complex func- 
tions on M with the norm || f || = max | f(M) |. 

Corotiary: If the equation || x? || == || x ||? ts satisfied for every element 
«x of R and if R is symmetric, then R is isometrically isomorphic to the 
ring C(M) of all continuous complex functions on Me. 


For from this equality and from Theorem 6 of §4, it follows that 


Nd 
n 
m V yx? = xi, 


1» CO 


gn 
max | x (M)|= lim V x2” 
1-> CO 


and hence the uniform convergence of the functions +(M/) implies the con- 
vergence in norm of the element +. 


56 I. GENERAL THEORY OF COMMUTATIVE NORMED RINGS 
§ 8. Rings With an Involution 


}. Derrnition 1: An involution in a ring R is an operation x — +* that 
assigns to every element +€ a uniquely defined element **€R such that 
the following conditions are identically satisfied: 

a) (4*)* == 2; 

b) (Ar + py)* == dar + py ; 

c) (vy)* = y*e*, 
A ring R in which an involution is given will be called a ring with an involu- 
tion, and the element +* will be called conjugate to x. 


2. Let us give some examples of commutative normed rings with an invo- 
lution. 

1. Let R be the normed ring of bounded functions on an arbitrary set S 
with the usual operations and the ‘uniform’ norm |] + || = Sup | #(t) |. We 


shall assume, moreover, that the complex conjugate of every function belong- 


ing to R is also contained in R. Then x(t) — x(é) is an involution in R. 


*3. 2. Let Qo bean arbitrary set of pairwise permutable bounded Hermitian 
operators in a Hilbert space H. We denote by Q the smallest set of bounded 
linear operators in H containing Qp and the unit operator E and closed 
with respect to the operations of multiplication by complex numbers, addi- 
tion, multiplication, taking the conjugate operator, and passing to a limit in 
the operator norm. Q is a commutative normed ring under the usual opera- 
tions on operators and the operator norm, and the transition to the conjugate 
operator is an involution in Q. 
3. The ring A of Example 6 of § 1.2 has the involution 


x)= Pent? > x= DJ ent. 
n=0 


3 
i] 
oO 


4. The ring J of Example 5 of § 1.2 has the involution 
he + x(t) de + x(t). 


4. Ina ring with an involution +—~+*, the elements for which +* = x will 
be called self-conjugate. 

The unit element e of a ring with an involution ts a self-conjugate element. 
For by the conditions a) and c) of Definition 1, we have: 


e— (e*)* = (e*e)* = e*(e*)* = e*e = e*, 


Inaring R with an involution, xx* is a self-conjugate element for every 
x€R. For by the same conditions, we have (x4*)* = (4*)*¥a* == xex*. 
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In particular, 0 (== 00*) is a self-conjugate element, i.e., O¥ — 0. 

Every element x of a ring with an involution can be represented uniquely 
in the form y+ iz, where y and 2 are self-conjugate elements For if 
*==y-+12 is such a representation, then by condition b) of Definition 1, 
x* = y—ig; hence y== (4 + #*)/2 and g== (¥—4*)/21; and the condi- 
tions a) and b) show that the y and 2 so defined are in fact self-conjugate 
elements. 

DEFINITION 2: A commutative normed ring R with an involution will 
be called a symmetric ring (and its involution will be called a symmetric 
involution) if a 

x*(M) = «(M) 


for all x€R and all maximal ideals M of the ring R. 

Note: Thus, if R is symmetric in the sense of this definition, then the 
complex conjugate function | x(M) of every function +(M) contained in R 
is itself contained in R, i.e., R is symmetric in the sense of Definition 1 of § 7 
(so that, in particular, Theorem 1 of §7 is applicable to it). 


#5, Since R is algebraically isomorphic to the factor ring of R with respect 
to its radical, it can be regarded as a commutative normed ring with the norm 


| x(M) || = inf {|| x’ I): ER, x'(M) =x(M)} 


(see Theorem 3 of §2). Then symmetry of R in the sense of Definition 1 
of §7 means the same as symmetry in the sense of the Definition 2 just 
given. For the set of maximal ideals of R can be identified naturally with 
the set Pt of maximal ideals of R, which is the domain of definition of the 
functions of R, and symmetry of RF in the sense of the Definition 1 of §7 is 
equivalent to the existence of the involution +(M/)— x(M), which is sym- 
metric in the sense of Definition 2. 


6. DEFINITION 3: A normed ring R with an involution is called com- 
pletely regular if in addition to satisfying conditions a) to c) of Definition 1 
its involution also satisfies the condition 


| xx* | — | x | | x* | for all +xeER. 


THEOREM 1: A commutative completely regular normed ring R 1s tso- 
metrically isomorphic to the ring C(M) of all continuous complex functions 
on the space Wt of tts maximal ideals. 

Proof: By the note to Definition 2 and the Corollary of Theorem 2 of 
§7 it is sufficient to show that a) R is symmetric and b) || x? || = || # ||? 
for every +E R. 
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1. Suppose, in contradiction to a), that R is not symmetric, i.e., that there 


exists an *4o€R and an MyE€M such that so*(Mo) ~%o(Mo), so that 
w(¥0 + 40%) (Mo) 40. We put 


Xo + x9 — R(X +X) (My) <2 


ie : 
3 (xo + X) (M,) 


where e is the unit element of R. Then h*=h. Further, h(Mo) =: and 
therefore the element 4 —1e of R does not have an inverse. From condition 
c) of Definition 1 it follows easily that (i —1e)* = h + te then also does not 
have an inverse and hence that there exists an M,€M such that h(/,) —=—. 
We choose an arbitrary N >0. Since 


(h+ Nie)(Mo)=(14+N)i and (h—Nie)(M,) =—(1+4+ N)i, 
then 
|e+ Nie || 21+N and | h—Nie| 21+N, 


and hence, by condition d) of Definition 3, 


|| 2? + Ne || = || (2 + Nie)(h + Nie)* | = 
= || 4+ Nie | || h— Nie | = (1+ N)?. 


But, on the other hand, | A? + Ne | < | h? | + N? and we obtain that 
Q+N)y= | h? | + N? for all N > 0, which is impossible. 
2. By condition d) of Definition 3, 


ee ee ae ee ee 
an 
ees | = eee) |e Cee 


But since +r* = x«*r, we have +?(4*)? — (rx*)?. Therefore 

>? |e P= |? | Ge? I. (1) 
But | x? | < | x /? and || (**)? | < | xe |?. Therefore, if we were to 
assume that | x? | < | x ||*, it would follow from equation (1) that +* 0; 


but then we would also have + = (#*)* = 0* = 0 and this would contradict 
the inequality assumed. Hence || +? || = || x ||? for all ER. / 


*7, Since the condition d) of Definition 3 is satisfied for linear operators in 
a Hilbert space, the ring Q of Example 2 is completely regular. Thus, it 
follows immediately from Theorem 1 that every commutative normed ring Q 
of bounded linear operators in a Hilbert space which 1s provided with an 
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operator norm and is such that the complex conjugate operator of every 
operator in Q 1s also in Q 15 tsometrically isomorphic to the ring of all con- 
tinuous complex functions on the compact space of tts maximal ideals. 

From this property of Q one can easily obtain the spectral decomposition 
of bounded normal operators.° 
8. The symmetry of a ring can be characterized without the use of the 
values of its elements on the maximal ideals. 

THEOREM 2: For a commutative normed ring R with an tmvolution 
x—>x* to be symmetric it ts necessary and sufficient that (e+ «*x)—? 
should exist in R for all x ER. 

Proof: 1. Necessity. If R 1s symmetric, then 


(e+ x*x)(M) =1+4 | x(M) |? «0 


for all maximal ideals M, so that (e-+ +*x)—! exists. 

2. Sufficiency. To begin with, we show that if the condition of the 
theorem is satisfied, then the function x(M) ts real for every self-conjugate 
element x€R. By Theorem 4 of §4, it is sufficient for this purpose to 
show that (r— (a-+6)e)—1!, where a and £ are real numbers, exists for 
all BA0. But (*x—ae)* = x* —ae*=x— ae. Therefore, for B~0 
we have 


(x — (a+ if)e) (x — (a —iB)e) = (x —ae)? + Be = 
— (x —ae)*(x—ae) + Be = B2(e + 22), 


where 2== (+—ae)/®. And since the right-hand side, by the condition of 
the theorem, has an inverse element, the element 


(v— (a + iB)e)—* = (x — (a — Be) ((w — ae)” + Be) ~? 


also exists. 

Now let x be an arbitrary element of R. Representing x in the form 
y+12, where y and g are self-conjugate elements, we have that 
a(M) = y(M) + 12(M) and x*(M) = y(M)—i12(M); and consequently 


— 


x*(M) = +«(M), because y(M) and 2(M) (as we have proved) are real. / 
9. Theorem 2 enables us in certain cases to establish the symmetry of a 
ring without finding its maximal ideals. Let us show, for example, that the 
involution x(t) —> x(t) on the ring R of Example 11s symmetric. By Theo- 
rem 2, it is sufficient for this purpose to show that if «(t)€, then 
1/(1 + | x(#) |?) ER as well. 


5 See, for example, [35], pp. 94-95. 
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Suppose that || x || =a. Then 


1 1 
TFHIx<@P @+F)—[@—lx OP) 
a on _ 1D @—}xry 
~ @at) ; ai—|x(t)j? ~ a+1 ( a? +} ) , 
eT = 


where the series converges uniformly, because 


at — | x(t) /P ae 
Fy |Saqr<!- 


But all the partial sums of this series belong to R. Since FR is closed with 
respect to uniform passage to the limit, the sum of the series, that is, the 
function 1/(1 + | x(t) |*), also belongs to R. Hence R (and so R as well) 
is Symmetric. 

Since the condition | x? || = || x ||? is also satisfied in R, we conclude, 
bearing in mind the Corollary of Theorem 2 of § 7, that the following theorem 
holds. 

THEOREM 3: Every normed ring R of bounded functions (unth the 
usual operations) on an arbitrary set S that is provided with a umiform 
norm and 1s such that the complex conjugate of every function in R 1s also 
isometrically isomorphic to the ring C(Mt) of all continuous complex 
functions on the compact space Wt of its maximal ideals; and complex con- 
jugate functions of R correspond to complex conjugate functions in C(M). 


*10. In particular, this is true for the ring B of continuous, almost periodic 
functions on a line (or on any topological group). 

We also note that the symmetry of the ring Q of Example 2, which fol- 
lows from Theorem 1, can also be proved on the basis of Theorem 2. Let 
A€Q and || 4 || =a. It is sufficient to prove that 


| (@E—AtA) (+1) || <1 
because we then have, exactly as in the preceding case, 
aE— A*A 


E+ aa = arr U(agT) 


But since (A*4f, A*¥ Af) = (AA*4f, Af) S | AA* | (Af, Af) = a?*(4f, Af), 
then 
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((a2E— A*A) f, (@E— A"A) f) _ 


same asda Ff) 
at f, fy — 208 (AF, Af) + (A*AS, AAS) 
ey 
at (f, fy— a2 (Af, Af) — 
= hf) =% 


from which it follows that 


| at#E— A*A |= ae 2 
a2t az-+ ] 

11. Derinition 4: A linear functional f defined on a ring R with an 

involution is called positive if f(ax*) = 0 for all x ER (or, what is the same, 

f(#*x) = 0 for all x€R). An involution in R will be called essential if for 

every non-zero element + o€F there exists a positive linear functional fy such 


that fo(xor0*) ~ 0.° 


*12Z. Let R be the ring of Example 1. Every point tp€S determines a 
linear functional f,,(4) (to) on R which is positive with respect to the 


involution +(t)—> +(t), and since (+oro*)(t) =| xo(t) |? 420 means that 
fi(xox0*) 40 for some t€S, this involution is essential. As we have seen, 
it is also symmetric. 

Let Q be the ring of Example 2. Every element f€H determines the 
linear functional f(4) = (4jf,f) (4€Q) on Q; f(A) is positive, because 
f(A*A) = (A* Af, f) = (Af, Af) 20. Moreover, since for every 490 
there exists an element fo€H such that (4Ao*Aofo, fo) = | A ofo ||? 40, the 
involution A — A* in Q is essential. As we have seen, this involution is 
also symmetric. 


*13. The involution x(€) > x(C) in the ring A of Example 6 of § 1.2 is also 
essential. For every non-decreasing real function o(t) given on the interval 
[—1,1] determines on 4 the positive linear functional’ 


1 


fax) = f #(t)do(t) ; 


~1 
1 


if fo(va*) = f | #(t) |?do(t) 0 for all o, then x(#) —0 for all t€ [—1, 1] 
-1 


6 It can be shown that, in a ring with an essential involution, for every non-zero 
element +o there exists a positive linear functional fo such that fo(%o) +0. 
7 This is the general form of a positive linear functional on A; see §§ 47 and 50. 


62 I. GENERAL THEORY OF COMMUTATIVE NoRMED RINGS 


and hence, being an analytic function, +(C) =0. Note that the involution in 
question is not symmetric. For +(€) =Ce€~A, but the function 


1/(l+a(0)e(0)] =VWL+ 2] 


has poles at the points € == +1 and therefore does not belong to A. Besides, 
the asymmetry of the ring A, established in §7, shows that no involution 
in this ring can be symmetric. 

From Theorem 4 to be proved below, it follows that no involution in the 
ring J of Example 5 of § 1.2 can be essential. However, by associating the 
element 2* —Ae + x*(t) with the element z—=Ae + x(t), we see that it is 
symmetric, since the values of 2 and z* on the unique maximal ideal of / 
(which is formed by the elements 2 for which A = 0;; see § 4.9) are equal toA 
and A, respectively. 

14. Let f be a positive linear functional on the commutative normed ring R 
with the involution +— +*, From the fact that for all complex numbers A 


the inequality 
f((4 + he) (a + he)*) = flxa*) + Af(e*) + f(x) + | A Pf(e) 20 


holds it follows easily that 


f(4*) =f(*) (2) 
| fw) [PS fle) f(ve*). (3) 


and 


Upon putting ++* =z, applying inequality (3) repeatedly, and bearing in 
mind that (2”)* == 2", we obtain 
1 1,2 
neyesion (2)? Sf(e? * f (2) 
1 1 1 
. Zphe a ace te aaenh . 


a 
c<. 


Since | f(y) |S || f || || y ||, it now follows that 


1 


ae ae we 
aOl<fo Pela. 


Passing to the limit n — oo and bearing Theorem 6 of § 4 in mind, we obtain 


= 
2 


| f (x) | Sf (e) max | (xx*)(M) | (4) 
MEM 


This inequality has an important consequence. 
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THEOREM 4: A commutative normed ring R with an essential involution 
isa ring without radical. 
Proof: When we replace # by +x* in (4), we obtain 


| f (xex*) | = f (e) max | (xx*) (M)|. 
MEM 


This inequality shows that 1f + is a generalized nilpotent element, 1.e., 
x(M) =0, then f(xx*) =0 for all positive linear functionals f. But if the 
involution in R is essential, then it follows from this that +—0O, i.e., that 
R isa ring without radical. / 


In Chapter IV we shall give applications of Theorem 4 to harmonic analy- 
sis on groups. 

THEOREM 5: Every positive linear functional f on a commutative normed 
ring R with a symmetric imvolution + —> x«* defines a positive linear func- 
tional flx(M )) = f(*) on the space R of functions x(M) that can be extended 
uniquely to a positive linear functional on the space C(M) of all continuous 
complex functions on Mt, where Mt is the space of the maximal ideals of R. 
Positiveness of a functional on the space of functions ts understood here in 
the usual way. 

Proof: Since R is a ring with a symmetric involution, +*() —x+(M), 
and therefore the inequality (4) assumes the form 


(2) | Sle) max: | 2( 0) |. (4) 


This shows that f is a uniquely defined linear functional on R provided with 
a uniform norm || # |/)>==max | +(M)|. Let us show that this functional 
MEM 


is positive, i.e., that f(x(M)) = 0 if x(M) =0 for all MEM. We note, first 
of all, that if x(M) is real for all MEM, then f(x) is real. For since 
a*(M)—-«(M) in that case, +* can differ from x only by a generalized 
nilpotent element ; and on such an element, f vanishes ; therefore f(a*) = f(*), 
ie., by (2), f(x) f(x). Suppose now that +(M) = 0 for all MEM. We 


put | x ||o = a. Since 
0=a—x2(M) = (ae— «)(M) =a 


and, by what we have just proved, f(ae—-) is real, on applying the in- 
equality (4’), we obtain 


af(e) —f(x) = flae—x) < fle) |] ae —+ |lo Safle). 
But this shows that f(x(M)) = f(r) = 0. 
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By the symmetry of R and Theorem 1 of §7, the completion of R with 
respect to the uniform norm coincides with C(M). Hence it follows that 
the functional f can be extended uniquely to a linear functional on C(M). 
From Theorem 1 of §7 it also follows easily that every non-negative con- 
tinuous real function given on Yt can be uniformly approximated by non- 
negative real functions of R. In conjunction with the preceding, it follows 
from this that f remains positive on the entire space C(M). / 


*15. As Markov [33] has shown, every positive linear functional @ on the 
space C(K) of all continuous complex functions given on a compactum K 
can be uniquely represented in the form 


oz) = f 2()d@(2), 


K 


where ® is a non-negative real completely additive regular® set function on 
the field of Borel subsets of K. Therefore Theorem 5 immediately implies 
the following theorem. 

THEOREM 5’: Every positive linear functional f defined on a commuta- 
tive normed ring R with a symmetric involution is representable uniquely 
in the form 


f(x) = f x(M)d®(M), 


M 


where ® is a non-negative real completely additive regular set function on 
the field of Borel sets of the space M of maximal ideals of R. 

In Chapter IV this theorem will be applied to yield a proof of the 
Theorem of Bochner on positive-definite functions on a group. 


16. Obviously, the linear functional M(*)=-+2(M) on a commutative 
normed ring with a symmetric involution that generates the maximal ideal 
M ts positive. For M(«*) = M(x); and consequently 


M (#x*) =| M(x) |? 20 
for all +E R. 
Incidentally, it follows from this that for symmetric rings the converse of 
Theorem 4 is also true, t.e., if R is a symmetric ring without a radical, then 


8 A function defined on the field of Borel sets is called regular if the value of its 
total variation on every Borel set B is equal to the lower bound of the values of its 
total variation on the open sets containing B and to the upper bound of such values on 
the compact sets contained in B. 
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the involution « —> x* defined in R 1s essential. Indeed, for every non-zero 
element +>€F there exists a maximal ideal Mo, and hence also the positive 
linear functional M(x) generated by it, such that 


M (xox0*) = | xo(Mo) |? A. 


The reader can find further properties of rings with an involution in the 
paper by Gelfand and Naimark, ‘‘Normed rings with an involution, and 
their representations,” which constitutes Chapter VIII of this book. 


CHAPTER II 


THE GENERAL THEORY OF COMMUTATIVE 
NORMED RINGS (continued) 


§ 9. The Connection between Algebraic and 


Topological Isomorphisms 


1. If Ris aring without radical, then, by Theorem 2 of § 5, F is isomorphic 
to the ring R of functions x(M) on the set of maximal ideals, generated by R. 
Therefore, rings without radical will also be called rings of functions. 

In this section, we shall study the relation between the topological and 
algebraic properties of rings of functions. 


THEOREM 1: Let R, and Re be two normed rings of complex functions, 
defined on the same set which serves as the set of maximal ideals for each 
of them, and let R, be contained in Re. Then every sequence of functions 
Xy,...,4n,... Of Ry that converges in the norm of R, also converges in the 
norm of Ro. 


Proof: We denote the norm of the function +€R, in R, by || # ||, and 
that in Re by || # |/2, We put 


| # | = max (2 


A I|2}- (1) 


ja | 


It is easy to verify that all the conditions imposed on the norm are then 
satisfied. Let us show that R, is still a complete space in this new norm. 
Let 71, ..., 4%, ... be a sequence of functions of R, that is a fundamental 
sequence in the sense of the norm (1). Obviously, it is a fundamental se- 
quence with respect to the two previous norms. Let x and x’ be its limits 
in these norms. Since the sequence of functions x,(M) converges uni- 
formly to «(M) and to +’(M), we have +(M) = -+’(M), and therefore += 2’. 
Hence 


| t—2Xn | —= max { | 4% — 4a 1, 


4 — 4 ||2} 0 (n— o). 
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Therefore x is also the limit of the sequence %1,..., ¥n, ... in the norm (1) 
as well. Ry, is thus complete in this norm. 

Obviously, convergence in R, in the norm (1) implies convergence in the 
original norm of Ry. Since R, is complete in both norms, we can appeal to 
Banach’s Theorem,! which states that a one-to-one mapping of complete 
spaces that is continuous in one direction is also continuous in the other, and 
deduce from this that convergence in the original norm of R, implies con- 
vergence in the norm (1) and hence also in the norm of Re. / 


*2. As an illustration of Theorem I we prove the following proposition. 
Let R be a normed ring of infinitely differentiable functions x(t) on 
the interval OSt1 which serves as set of maximal ideals for R. There 
exists a sequence of positive numbers mo, M4, ..., Mn, ... Such that for every 

function x(t)ER 
max | + ™)(t) | < Cmy, (2) 


O<t<1 


where the constant C depends only on the function and not on n. 


Proof: It is sufficient to produce, for every n, a positive number m, such 
that it follows from +(t)€R, | x | <= 1 that max | +™(t) |< m,. Suppose 
OSt=1 


that there is an » for which such a number m, « cannot be found; then R must 


contain a sequence of functions 7,(f),..., ¥x(¢), ... such that | Xx | <= 1 for 
all k and max | 4, (t)| >. The functions y,(t) = (1/k)+,(t) converge 
O<t<1 


to 0 in norm. Since R is obviously contained in D, (Example 2 of § 1.2; 
see also § 2.2), Theorem 1 shows that the y;(t) also converge to zero in the 
sense of convergence in D,; but this is impossible, since 


max | y(t) | >1. / 
d<¢<1 


CoroLLtary: The ring D. of all infinitely differentiable functions on the 
interval Ot =1 cannot be normed. 


Proof: Suppose that D,, is normed and that mo, m1, ..., mn, ... are the 
numbers that occur in the proposition proved above. It is known that an 
infinitely differentiable function y(t) can be constructed such that 


max | y(t) | > nm, (n= 1, 2,...).? 
o<t<1 


1 See footnote 6 (§ 1.4). 
2Tet l= ki<he<...<kn<... be a sequence of natural numbers. We put 
ad, = 1/(2rk)" for kn Sk <khn+i (n=1, 2, ...). Since ax tends to zero faster than 
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But this function cannot satisfy the inequality (2), in contradiction to what 
we have shown. / 


3. From Theorem 1 we obtain immediately the following theorem. 


THEOREM 2: Algebraically tsomorphic commutative normed rings with- 
out radical are also topologically tsomorphic, 1.e., the convergence of elements 
in one of these rings is equivalent to the convergence of the corresponding 
elements tin the other. 


The meaning and the significance of this proposition consists in the fol- 
lowing. In order to specify a normed ring one has to give, first of all, a list 
of its elements with their algebraic properties and, second,a norm. Theorem 
2 shows that for rings of functions the norm is uniquely determined to within 
equivalence by merely giving the list of elements with their algebraic 
properties. 


*4, From Theorem 2 it follows, in particular, that the sufficient condition, 
stated in Theorem 2 of § 7, for the isomorphism of a symmetric ring R with 
the ring of all continuous functions on the set of its maximal ideals is also 
necessary. Thus, the algebraic ring of all continuous functions on the com- 
pact Hausdorff space S can be normed in a unique way to within equivalence: 
all possible norms of this ring are equivalent to the norm || + || = mae | x(t) |. 


5. THEOREM 3: Every automorphism of a commutative normed ring R 
without radical 1s continuous. 

Proof: Let an automorphism of FR be given, i.e., a one-to-one mapping 
of this ring onto itself with the following properties: If x goes over into 2’, 
then Ax goes over into Ax’ for all complex numbers 4; if +, y go over into 
x’ and y’, respectively, then x + y goes over into #’ + y’ and xy into +’y’. 
We may regard this automorphism as an algebraic isomorphism between the 
ring R of functions x and the ring R’ of the corresponding functions 7’. By 
Theorem 2, the rings R and R’ are also topologically isomorphic, 1.e., con- 
vergence of a sequence 41, ..., ¥n, ... 1S equivalent to convergence of the 
corresponding sequence + ’,..., ¥n, .... But this shows that the auto- 
morphism is continuous. / 


[o@ @) 
any power of 1/k, the function y(t) = > ax.exp (2rikt) is infinitely differentiable. 


k=1 
Moreover, 
oo Kney7} 
ly (0) |= ps ax,(2rk)"* > dy (2rk)™ = Rasim kn. 
=1 k=R,, 


By choosing the sequence {kn} so that kn41— kn > 1m (n= 1, 2, ...), we obtain a 
function y(t) with the required properties. 
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THEOREM 4: In a symmetric ring without radical the involution is 
continuous. 

Proof: Let R be a symmetric ring without radical. In that case the 
element +* conjugate to x is completely determined. The mapping +— +* 
of R onto itself differs from an automorphism only in that Ax goes over not 
into Ax*, but into A**. Theorem 1 shows that this mapping 1s contimuous, 
i.e., that the convergence of +, to * implies the convergence of +,* to +*.8 
To satisfy ourselves of this, it is sufficient to introduce in R, apart from 
the original norm | x ||, the new norm | x | = | a* |. i 


§ 10. Generalized Divisors of Zero 


1. In algebra, a divisor of zero of a ring RF is an element 4 of the ring for 
which the product with some element y 0 1s zero. 


*2Z. In the ring C, for example, the function x(t) that is equal to zero on 
the interval A= [0,1/2] is a divisor of zero, because its product with a 
function y(t) €C equal to zero everywhere outside A but not identically zero 
is equal to zero. 


3. This concept can be generalized to normed rings in a very natural way, 
as follows: 

DEFINITION 1: An element x of a normed ring R is called a generalized 
divisor of zero if there exists a sequence {y,} CF such that 


1) inf || yn || > 0; 
n 
2) lim || yn || =0. 


Obviously, ordinary divisors of zero are also generalized divisors of zero. 
In a finite-dimensional ring, where a convergent sequence can be selected 
from every bounded sequence, the converse is also true: Every generalized 
divisor of zero is a divisor of zero in the ordinary sense. But generalized 
divisors of zero need not in general be ordinary divisors of zero. 


*4,. Let us consider a function x(t) in C that is equal to zero at the point 
t==0 only; it is not an (ordinary) divisor of zero. Further, let +,(t) be a 
positive function that is equal to zero on [1/n,1] and assumes its maximal 


3 The converse statement—the convergence of +2* to +* implies the convergence of 
%n to x—also holds here, because for every z€ FR we have e** = z. 
4Te., in every ring whose elements form a finite-dimensional space. 
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value on [0,1/n], with | Xn(t) | =1. Obviously, xx,— 0; therefore +(t) 
is a generalized divisor of zero. 


2. An element x can only be a generalized divisor of zero tf it does not have 
an inverse. For suppose that *—! exists. If limxy,—O0, then lim y,—= 
= lim +—!ry,=0 as well; hence the conditions 1) and 2) of Definition 1 
are incompatible, so that x 1s not a generalized divisor of zero. 


*6. It is easy to see that in C every element that does not have an inverse 
is a generalized divisor of zero (see above). However, not all rings have 
this property. 

Let us consider, for example, the element +(€) =C of the ring A (§ 1.2, 
Example 6), which obviously does not have an inverse. Let a sequence 
{yn()} C.4 be such that || Cy,(C) || +0. On the boundary of the unit circle 
|C | 1 we therefore have | y,(€)|—>0. By the maximum-modulus prin- 
ciple, y,(C) converges uniformly to zero on the entire circle, i-e., || yn || > 0. 
Therefore +(C) = is not a generalized divisor of zero in A. 

One can arrive at the concept of a generalized divisor of zero from the 
following arguments. Let us regard the multiplication by + as a linear 
operator in the space R, giving a single-valued and continuous mapping of R 
onto part of Rk. The following cases are possible: 

1. The mapping R > R is not one-to-one, i.e., there exist distinct elements 
y and 2 such that xy==xz. In that case, x is a divisor of zero, since 
x(y—z)=0. 

2. The mapping R— R is one-to-one and the image fills out the whole 
space R. In that case, + has an inverse, because there exists a yER such 
that ry =e. 

3. The mapping R—R is one-to-one, but the image fills out not the 
whole space R but only a certain complete subspace R’CR. Then by 
Banach’s Theorem the inverse mapping R’— RF is also continuous, 1.e., 
XVn—> 0 implies y,—>0. This indicates that x is not a generalized divisor 
of zero in R.® 

4. The mapping R—- R is one-to-one, but the image fills out an incom- 
plete subspace R’CR. In that case, the inverse mapping R’—R is not 
continuous (for otherwise R’ would be homeomorphic to R and consequently 
complete), i.e., there exists a sequence {yna}CR such that xy,—0 holds, 
but not y,—0. In that case, x is a generalized divisor of zero. 


7. THEOREM 1: Let x be an arbitrary element of a commutative normed 
ring R and hy a boundary point of its spectrum, 1.e., of the set S, of values 
a(M); then *«—Aoe is a generalized divisor of zero. 


5 As Arens [2] has shown (and before him, in certain special cases, Shilov [60]), 
such elements x« (and such elements only) have an inverse in an extension of R. 


§ 10. GENERALIZED DIVISORS OF ZERO 7\ 


Proof: We consider a sequence of numbers A, (n= 1, 2, ...) that do not 
belong to S, and converge to Ao. The elements (4 —Ane)—! exist in R, 
We put y, = (x — Ane) ~*/|| (4 —dne)-} |. We have 1 Vn | =1. On 
the other hand, since 


Ie —2,e)7 I] = max | x (M)—2,, |7* = |e — I |? > ©0,~ 
MEM 


we have 
(x —)oe) Yn —= (x — ne) Yn + An — Ad) In — 
—_—-+- (hy —) Yn > 0, 


 (\(@—Ane)7" II 


and this is what was to be proved. / 


CoroLLtary 1: If 0 is the only generalized divisor of zero of a commuta- 
tive ring R, then R is tsomorphic to the field of complex numbers. 

Proof: In virtue of our assumption and of Theorem 1, for every rE R 
there exists a Ay such that 4 —Aoe =O, i.e., r=Age. H/ 


*8, This result obviously contains the following theorem of Mazur [38]: 
If || zy || == || * || || y |] for arbitrary x and y of R, then R is the field of 
complex numbers. 


9. CoroLLary 2: Every element x of a symmetric ring R without radical 
that does not have an inverse 1s a generalized divisor of zero. 

Proof: If x does not have an inverse, then 0 is a boundary point of the 
set of values of the (non-negative real) function (4x*)(M) and, by Theorem 
1, xx* is a generalized divisor of zero: there exists a sequence {2,} CR such 
that inf | 2n | >0O and ra*z, = 4(x*2n2) 20 (n> &). Now if 


inf | x*2, | > 0, then the theorem is proved; otherwise, there exists a 
n 


subsequence 2n, for which +*z,,—>0; but then, by Theorem 4 of $9, we 

also have tein = (+*2,,)*—> 0, and so we again find that + is a generalized 

divisor of zero, because, again by Theorem 4 of §9, inf ||z, || > 0 implies 
nm 


that inf || 2,* || > 0. / 
nr 


*10. In §5 it was proved that the space of maximal ideals of a ring with 
one generator, considered as a set of values of the function z(M/), where 2 
is the generator, is a closed bounded set in the complex plane. 

With the help of Theorem 1 we can now give a complete topological de- 
scription of this set: 
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THEOREM 2: A point set S in the complex plane is the set of values of a 
function 2(M) for a ring with one generator 2 if and only tf it 1s closed and 
bounded and does not divide the plane (i.e., its complement is connected). 

Proof: Suppose that S satisfies these assumptions. We construct a ring 
R as follows: for polynomials P(z) we put 


|| P(z) |] = max | P() |; 
CES 


we identify polynomials that coincide on S (if S is finite) and then we take 
the completion in the norm just introduced. Every element of R can be 
regarded as a continuous function f(€) defined on S and provided with the 
norm 


) #06) |] = max | f(C) |. 
CES 


We denote by S” the set of values of 2(17), where M ranges over the set 
of all maximal ideals of R. If G€S, then there exists a homomorphism 
f(S) — f(Go) of R into the field of complex numbers that carries z into Co. 
Hence (o€S’ and hence S’DS. Suppose that there is a point (,€S’\S. 
By assumption, we can draw a continuous line from this point leading to 
infinity and not having points in common with S; let C2 be the last point 
of S” on this line. Then Cg is a boundary value of the function 2(M), so that 
z—Cese, by Theorem 1, is a generalized divisor of zero, 1.e., there exists a 
sequence yn€R such that || ya(2— Cee) || = max | yu(S)(C —Ce2) | > 0; more- 


over, inf || y, || >0. On S we have |C—€s | = o(Ce, S) > 0 (where, as 
17 


usual, 0(C,S) denotes the distance of € from S); therefore the sequence of 
functions y,(C) must converge uniformly to zero on S and consequently it 
also converges to zero in norm. This contradiction shows that S’ = S. 
Suppose, conversely, that R is a ring with one generator z and S is the 
set of all values of the function 2(4/). We have already seen in §5 that S 
is closed and bounded. If its complement were to contain a bounded con- 
nected component G, then every fundamental sequence of polynomials in R, 
being uniformly convergent on S, would also converge uniformly on G by 
the maximum modulus principle. By taking an arbitrary point Go€G and 
assigning to every element y=limP,(z)€R the number lim P,(€), we 
n> CO nr > © 


would obtain a homomorphism of R into the field of complex numbers carry- 
ing the generator z into Co; thus, S would not exhaust all the values of the 
function 2(M). / 
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By making use of the general characteristic of the set of maximal ideals 
of a commutative normed ring with a finite number of generators that was 
given in § 5.11, we now arrive at the following result: 

CoROLLARY: For every point Co that does not belong to a set S satisfying 
the conditions of Theorem 2 we can find a polynomial P(z) such that 


| P(Co) | > max | P(t) |. 
ces 


§ 11. The Boundary of the Space of Maximal Ideals 


1. In the ring A of functions of a complex variable that are continuous in 
the closed circle |¢| <1 and analytic in |€| <1 the bounding contour 
|¢|==1 plays a special role: the modulus of every function +(€)€A 
assumes its maximum on it. A similar situation, it turns out, obtains tn 
every commutative normed ring. 

DEFINITION 1: Let R be a commutative normed ring and {Nt the space 
of its maximal ideals. A closed set FCM shall be called a defining set if 
the absolute value of every function +(M) («€R) assumes its maximum 
value on F. 

Obviously, at least one defining set exists: namely, Mt itself. 

DEFINITION 2: A minimal defining set (1.e., a defining set every proper 
subset of which is no longer defining) shall be called the boundary of M 
(or the ring boundary). 

THEOREM 1: The space M of maximal ideals of every commutative 
normed ring R has a uniquely defined boundary. 

Proof of the existence of a boundary: If the defining set F = Fy is not 
minimal, then there exists a defining set PoC F,; if Fe is not minimal, then 
there exists a defining set F3CF., and so forth. Suppose that we have 
obtained in this way a countable chain of defining sets Fy) F2DF35..., 
each containing the next; their intersection F,, which is not empty because 
MM is compact, is also a defining set: for let aa | «(M) | and let 


M,€F, be such that | +(M,) |==m; since | +(M) | is continuous, we have, 
for every limit point M,, of My, | x(M.) | =m; but M,€F.,; and hence F, 
is a defining set. If F, is not minimal, then the construction of sequences of 
defining sets each containing the next can be continued; in this way, we 
obtain a transfinite decreasing sequence of closed sets; the intersection of 
all the sets of this sequence is not empty, because of the compactness of NM, 
and gives us the required minimal set. 

Proof of the uniqueness of the boundary: Let us assume that 2t has two 
boundaries, I‘; and I‘,. Let M, be an arbitrary point of I;; we shall show 
that every neighborhood of M, contains points of Ie. Since Is is closed, 
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this then shows that M,€I°s and, since M, is an arbitrary point, that", C12; 
but then I’; Ts, because the inclusion Is CT; holds equally well. 
Suppose, then, that U is an arbitrary neighborhood of M,; it contains a 
neighborhood U’ of M, defined by 1 inequalities | +;(M) | << (t==1,..., n), 
where #1, ..., ¥, are arbitrary elements of the ring belonging to M@,;. Since 
I’; is a minimal defining set, there exists a function y(M) (y¢€R) whose 
absolute value assumes its maximum m on I’, (this is equal, by assumption, 
to the maximum on the whole of 9t) within U’ and remains less than m on 
I’, outside this neighborhood; for otherwise the closed set I) \ U’CT 
would also be a defining set and consequently I; would not be minimal. 
Without loss of generality, we can assume that m= 1; then by replacing 
y, 1f necessary, by some power of y we can assume that at the points of Ty 
outside U’ we have | y(M)|< e/max | i]. Then the products ry 


(¢==1,..., n) remain less than € in absolute value everywhere on I‘; and 
consequently on the whole of Mt. But there must exist a point Mz. on Ip 
for which | y(Mo2) | = 1; since | (#iy)(Me2) | <€ on Mo, we have 


| (M2) | <e (@—1,...,n). 


But this means that M,€U’ (CU). We have thus established the unique- 
ness of the boundary I‘ of M. / 


THEOREM 2: A point MoEM belongs to the boundary V if and only tf for 
every neighborhood U(Mpo) of Mo there exists a function y(M) (yER) whose 
absolute value assumes its maximum within U(Mo) and is less than this 
maximum outside of U(M). 

Proof: The necessity of the condition of Theorem 2 follows from the 
argument in the second part of the proof of Theorem 1; the sufficiency, from 
the fact that when this condition is satisfied, every neighborhood of Mo con- 
tains points of the boundary. / 


*2. For rings R in which || x || =max|«(M)|, the generalized divisors 
of zero are those elements «ER that vanish at at least one point Mo€T. 

For R can be regarded as a ring of continuous functions on I’. Let R’ be 
the ring of all continuous complex functions on I’. If «€R and x+(M) does 
not vanish at any point MEI’, then x has an inverse element +—1in R’, and 
therefore x cannot be a generalized divisor of zero in the subring R of R’ 
Conversely, if x €R and +(Mo) = Oat the point M)€T, then for every « > 0 
the inequality | +(M) | < is satisfied in some neighborhood U(Mo) of Mo 
in N(R); on the other hand, since My€I’, by what we have shown above 
there exists an element AER such that | 4(M) | assumes its greatest value 1 
in U(Mo) and does not exceed €/|| x | outside of U(My). Then 
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and since || h || == 1, + is a generalized divisor of zero. 

The boundary I‘ can now be defined as the smallest closed subset of Mt on 
which every generalized divisor of zero vanishes. 

For the proof it is sufficient to verify, taking into account what we have 
shown above, that for every neighborhood U(M,) of Mo€T there is a gen- 
eralized divisor of zero that vanishes only in this neighborhood. Let us 
consider an element hE R for which | h(M) | assumes the maximum value 1 
within U(Mo), say at the point M@,¢€IT’, and is less than, say, 1/2 outside 
U(M,). Then h—h(M,)e is a generalized divisor of zero (because the 
function h(M/)—h(M,) vanishes at the point M, of the boundary) and is 
necessarily different from zero outside U(Mo). 7 


*3. Let us find the position of the boundary in a few particular cases. 


1. Let R be a ring with one generator. Then, by Theorem 4 of § 5, Mt(R) 
can be regarded as a closed bounded set of points of the complex plane. 
In this case I’ coincides with the ordinary topological boundary of (2). 
For by the maximum-modulus principle the conditions of Theorem 2 cannot 
possibly he satisfied for interior points (in the usual sense) of Yt, and so such 
points cannot belong to I’; but if A» is a boundary point (in the usual sense) 
of It, then there exists a sequence A,—> Ao such that An€M; the functions 
(~—h,e)—1, where x is the generator, belong to R and for » greater than a 
sufficiently large N satisfy the conditions of Theorem 2; hence AjgET. 

2. Let R be the ring of functions obtained from the class of all polynomials 
of two complex variables 2; and 22 by uniform passage to the limit in the 
domain | 2,|1, | 22/1. It is easy to see that I(R) coincides with the 
set of all points of this domain. The topological boundary of Yt(/t) consists 
of all the points at which at least one coordinate is equal to 1 in absolute 
value. The ring boundary is formed by all the points at which both coordi- 
nates are equal to | in absolute value. For the set S of all these points, as 
is easy to see, is a defining set, so that 'C.S; on the other hand, for every 
point (exp (1q1), exp (i@2)) of S the function 


[21 + exp (7q1)] [22 + exp (ipo) ] 


satisfies the conditions of Theorem 2, and hence SCI’. 

This example shows that the ring boundary I’ need not coincide with the 
topological boundary of Nt (which is assumed to be contained in the complex 
space naturally connected with it; see Theorem 4 of § 5). 

3. Let R be the ring of functions obtained from the class of all poly- 
nomials in two independent variables 2; and z2 by uniform passage to the 


76 II. GENERAL THEORY OF COMMUTATIVE NorMED RINcs (cont.) 


limit in the domain | 2,|-+ | 22| <1. Here M(R) is the set of all points of 
this domain and the topological boundary and the ring boundary coincide. 
(The proof proceeds along the same lines as in Example 4 below.) 

Every function f(M) for which 1/f(M) does not exist vanishes on the 
boundary. Suppose, to begin with, that f(17) == f(21, 22) 1s a polynomial ; 
since 1/f(21, 22) does not exist, we have f(2,°, 22°) —=0, where 


| 21° | +| 22°| S11. 


Suppose that | 2;°| + |z.°| <1. The polynomial f(21°, 22) in the argument 
22 has the root 22°; when the parameter 2,° changes continuously, then the 
root 22° also changes continuously; therefore if we increase | 2;°|, then the 
time will come when | 2;9| + | 22°|==1. Thus, for polynomials our state- 
ment is true. Suppose now that f(M) is an arbitrary function of R for which 
1/f(M) does not exist, so that f(M@,))—O at a certain point MypEM(R). 
f(Z) can be approximated with arbitrary accuracy by polynomials that also 
vanish at Mo» and consequently vanish somewhere on the boundary as well. 
Therefore min | f(M) | cannot be positive on the boundary. 

COROLLARY: Every element of the ring R that does not have an inverse 
1s a generalized divisor of zero. 


4. Let us consider the set S, of points {2}=={21, ..., 2n, ...} of an 
co 

infinite-dimensional complex space satisfying the inequality >) | 2;| Sa. 
jal 


We form a ring FR, from the limits of sequences of polynomials that con- 
verge uniformly on S,, where every polynomial depends only on a finite 
number of variables. Let us find the sets IM and ['(M) of this ring. In S, 
we introduce the usual Tychonov topology, in which it becomes a compact 
space. 

Let us determine J0(R,). Just as for rings with a finite number of gen- 
erators, every maximal ideal M is represented by a point 


{2(M)} = {2:(M), ..., 2n(M), ...} 
of the space in question. We know that every point of S, gives a maximal 


ideal of Rg, i.e., Ss CM(R,). Now let Mo be an arbitrary maximal ideal and 
let Q, exp (t~x,) == 24(Mo). We consider the function 


F(z) = »; 2% exp (—1;,). 
ket 


This series converges absolutely on Sy, so that F(z)€R,. The norm of 
F(z), i.e., the maximum absolute value of F(z) on Sg, does not exceed a, so 
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that | F(Mo)| Sa. But F(Mo) = > 2x(Mo) exp (—19;) = > 0;,; there- 
a kel k=4 
fore Sox Sa, and thus Mo€ Sy. Hence 92(Rq) coincides with Sq. 


k=1 n 
We now consider the polynomial P(z) = IT e.— 2°), where 2,°0 
=i 


and the absolute values 7; == | 2;,° | have the property that the largest of them 


n 
differs from the average c= (1/n) }}r; by not more than a/n. Let us show 
k= 


that such a polynomial assumes its maximum absolute value on S, at a 
unique point. Since S, is compact, at least one point exists at which | P(z) | 
assumes a maximum; let this be C= {x} = {exp (igz)ox}. Then 
Q, == 1 -+ arg 2,°, since otherwise we could move (; along a circle of radius 
Q, and increase | P(g) | without leaving S,. Therefore 


n 
| P(e) | =] + Qx)- 
=i 
At a pointat which this product assumes its maximum, we must obviously 


n nm nr 
have the condition > 0; = 4, or > (r, + 0x) =a+ » r;. But by these 
k=1 k=1 k=1 


conditions the factors r; + 0; for which the product assumes the maximum 
are uniquely determined by these conditions: each of them is equal to 


nT 
a+? Tr 
kat 


a 
Ti+ OR ag 


so that we find 9, =a/n +-c—r,=0. Thus, the point at which | P(z) | 
assumes its maximum is unique. Let us now show that for every point 


n 
{C} = {01...,Cn,0,0,...} with SS) | C, |= a wecan find a polynomial P(z) 
ai 


that assumes its maximum absolute value on S, precisely at this point {€}. 
Let C, == 0x,exp (tq;,). We define numbers r; by the equations 


r~y==c + a/n— Ox (k—=1,...,n), 


where c is an arbitrary number greater than 9,—a/n (k=1,...,n). It is 
easy to see that ¢ is the arithmetic mean of the numbers rz and that the 


greatest of these numbers differs from it by not more than a/n. We put 
n 

2° = 11, exp ((1 + x)t) and consider the polynomial P(z) = [J (z. — 23°) ; 
k=1 


by what we have proved, it assumes its maximum at a unique point, namely 


at {C}. 
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By Theorem 2, every point {GC} = {i,..., Gr, 0, 0, ...} belongs to ['(M). 
But such points form an everywhere-dense set in S,; and since I" is closed, 
we have I‘—=S,—M. Here we have an example of an unsymmetric ring 
with a uniform norm in which '=M9. It is an open problem whether a 
ring with this property can have a finite number of generators. 


§ 12. Extension of Maximal Ideals 


1. In the theory of normed spaces an important role is played by the Hahn- 
Banach Theorem, which states that every linear functional can be extended 
from a given normed space to any larger space with preservation of the 
norm. In normed rings the analogous question can be asked, whether it is 
possible to extend multiplicative linear functionals, i.e., linear functionals 
f(x) satisfying the additional condition f(xy) = f(x)f(y) for all x, y (see 
§4.4.). In general, the answer to this question is in the negative. For 
example, in the ring 4 of Example 6 of §1 the multiplicative linear func- 
tional f(+) = .+(0) cannot be extended with preservation of multiplication 
to the ring of all continuous functions on the circle | § | = 1, which contains 
A asaclosed subring. (It can, however, be extended as a linear functional— 
for example, by the formula f(x) == (221)? f A-tr(A)di.) But it does 
[Al=m4 

turn out that in every commutative normed ring A, there is a set of multi- 
plicative linear functionals that can be extended with preservation of multi- 
plication to every commutative normed ring R containing R, as a closed 
subring. These functionals are precisely the multiplicative linear functionals 
that correspond to the maximal ideals forming the boundary of the space 
MR) of maximal ideals of FR. 

Before proceeding to a proof of this statement, let us note the following. 
Suppose that a multiplicative linear functional f(#) is extended from a ring 
R, to a larger ring R. Then, in particular, the set M@, of those 7,€R, for 
which f(*;) ==0 becomes part of the set M of those + €R for which f(x) —0. 
But M, is a maximal ideal of R; and M a maximal ideal of R. Thus, the 
extension of the multiplicative functional f(4%;) goes hand in hand with an 
extension of the maximal ideal M, of R, to a maximal ideal M of R. Con- 
versely, if the maximal ideal M, of Ry is extended to the maximal ideal M 
of R, then the multiplicative linear functional M(*#)—=-+(M) on R ts an 
extension of the multiplicative linear functional M,(#) given on Ry. For 
let ro€R, and My(4o) =Ao. Then M,(%9—Aoe) —0, so that 


Xyp9— he €M1CM, 


and hence we also have that M(xo) Ao. Consequently, the problem of 
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extending a multiplicative linear functional is equivalent to that of extending 
the corresponding maximal ideal. 

THEOREM 1: In an arbitrary normed ring R containing R, as a closed 
subring, every maximal ideal of the boundary T, of the space M(R,) can be 
extended to a maximal ideal of R. 

Proof: First of all, observe that if x€A,, then 


max | +(M) | = max | +(M)) |. 
MCR M,CR 


I 1 


This follows immediately from the formula 


max | +(M) | = lim / | #* || 


when we bear in mind that all +” are contained simultaneously in AR, and in 
R and that their norms in the two rings coincide. Let us assume now that 
there is a maximal ideal M@,€I'; not contained in any maximal ideal of R. 
This means that there exists no proper ideal in R containing all the elements 
of M,, 1.¢e., that the totality of all sums of the form 


n 
>» «2: (4:€ My, 2,.€R) 


m1 


coincides with the whole ring R; in particular, one of these sums yields 
the unit element of the ring R: 


n 
— > N52 i. 


a=1 


We may assume here without loss of generality that max | x;(M) | 1. 
Suppose that p > max {max | 2;(M/) |}; we consider the neighborhood of 
é M 


M, defined by the inequalities 
| ri(M) | < 1/2np (p= 1, 445-03 ER), 


and a function y(M) (y€A,) whose absolute value assumes its maximum 1 
within this neighborhood and does not exceed 1/2uu outside it (see Theorem 


n 
Zof $11). By the remark made above, the product y- > X12, ye = y also 
i=1 


assumes the absolute value 1 on the maximal ideals of R. But on the other 
hand, 
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( yd, na (M) 


< J} max| y(M) <4(M)| max | 2;(M)| S 


max 
MCR 
4#=1 
. 1 1 
<= eens 
=> 2np P=) 
4=1 


This contradiction proves the theorem. / 


COROLLARY: Every maximal ideal of a symmetric ring R, can be extended 
to a maximal ideal of every larger ring R. 

Proof: In virtue of the theorem just proved, it is sufficient to show that 
for a symmetric ring, T= M. Let Mo be any point of M and U(Mo) a 
neighborhood of Mo. By part 4 of the proof of Theorem 1’ of §7, there 
exists an element +€R such that max | +(M)—f(M) | < 1/2, where f(M) 
is a continuous function that is equal to 0 outside of U(Mo) and equal to 1 
at Mo. In this case the maximal value of | +(M/) | must be assumed within 
U(M>). But this means that the condition of Theorem 2 of § 11 is satisfied, 
and M,er’. # 


*2. If | x | —= max |+(M)| in Ri, then we can state that there exists a 
ring RD R, for which only those MCR, can be extended to maximal ideals 
that belong to the boundary T° of the space Mt(R,). This ring R can be 
chosen as the ring of all continuous functions defined on I’; it contains R, 
as a subring, and since I’ is a compact space, the set of all maximal ideals 
of R coincides with I’. 


§ 13. Locally Analytic Operations on Certain Elements of a Ring 


1. We have seen in §6 that every analytic function f(C), single-valued 
on the spectrum of the element + of a normed ring R, has an element yER 
corresponding to it such that y(M) — f(+x(M)) for every maximal ideal of R. 

This theorem as it stands is inadequate for many important applications. 
For example, it permits us to establish the existence of the elements \/* or 


log x only when the values of the functions Wid or log € on the spectrum of x 
lie on a single sheet of the corresponding Riemann surface. This condition 
is a rather artificial one in our problem. 

Let us consider, for example, the case of the ring C(K) of all continuous 
functions on the circle K (Ot < 2x). The question as to what elements 
have square roots in the ring has a simple answer in the present case: if x(t) 


does not vanish (1.e., if the function via does not have a branch point on 
the spectrum of +), then \/+(t) exists in C(K) if and only if the increment 


§ 13. Locatty ANALYTIC OPERATIONS ON ELEMENTS OFA RING 81 


of the argument of x(t), when the independent variable ranges over the 
whole circumference of K, is equal to 411, where n is an integer. 

When we go over from C(K) to the ring W, say, of all functions with an 
absolutely convergent Fourier series, then the question as to which elements 
have square roots in this ring becomes non-trivial. However, it turns out 
that the condition given above—the complete increment of the argument of 
x(t) is equal to an integer multiple of 4%—1is necessary and sufficient even in 
this case, and not only for the ring W,, but for any ring FR having the circle 
as its space of maximal ideals. 


2. For a rigorous formulation of the general result that holds in all normed 
rings it is convenient to introduce the concept of a locally analytic operation. 

We shall use the term locally analytic operation on the element z of the 
normed ring FR for the transition from the function +(M) to a function f(M) 
that admits in a neighborhood of every point Mo a representation in the 
form of a convergent series 


f{(M) = 2 an[2(M) — 2(Mo)]”. 


It 1s obvious that Ve and log g are locally analytic operations on the ele- 


ment g if the functions ft and log § do not have singularities (branch points) 
on the spectrum of 2, although the values of these functions need not lie, as 
before, on the same sheet of the Riemann surface of the corresponding 
function. 

We shall establish the following result: Jf @ locally analytic operation on 
the element 2 carries the function 2(M) into a single-valued function f(M) 
on the whole space M, then this function f(M) is generated by an element 
of R. 

Now this will solve the problem of the existence, in the general case, of 
the functions ,/2(M) and logz(M) in a ring R without radical: namely, 
these functions exist in R whenever 2(M) does, provided they are single- 
valued on MM. The condition above on the complete increment of the argu- 


ment is, for the circle, precisely the condition that the function \/2(M) 
should be single-valued. In the case of an arbitrary space M, the role of 
the condition on the complete increment of the argument of z(M) will be 
taken each time by a condition of a topological nature; we shall not go into 
any of the details. 


3. We cannot give a proof of this theorem entirely within the framework 
of the theory of functions of a single variable. Our proof rests essentially 
on the possibility of going into the realm of functions of several complex 
variables. It is not worthwhile, therefore, to confine ourselves in the state- 
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ment of the theorem to functions of a single variable. Let us make the 
following general definition: 

DEFINITION 1: The term locally analytic operation with respect to ele- 
ments of a normed ring R will be used for the transition from functions 
2(M) corresponding to the elements of this ring to a function f(//) that ina 
neighborhood of every point My)€Mt admits a representation 


co 


== . 
LUO ae tig ne (M,)] ro 
+ em (M) = 2m (May, (1) 
where the power series 
ky k 
ky, FA gt see X01 « a 


converges in a neighborhood of the origin in an m-dimensional complex 
space and where the elements 2), ..., 2m in the equation (1), as well as their 
number m, may depend on the choice of the point Mo. 

Furthermore, for the sake of brevity we shall call the function f(1/) itself 
locally analytic, having in mind, of course, that this term refers to its depend- 
ence not on M but on the corresponding functions 2(/). 


4. We shall shortly prove the following theorem. 

THEOREM 1: To every locally analytic operation with respect to ele- 
ments of a normed ring R there corresponds an element «ER such that 
x(M)=f(M) for all MEM(R), where f(M) ts the corresponding locally 
analytic function. 


This theorem obviously contains Theorem 1 of §6 as a special case. 
For the function f(€) that occurs in Theorem 1 of §6 can be associated with 
the function f;(17) = f(4(M)) defined on the space M?}—= MA). Since, by 
assumption, f(€) is analytic on the spectrum of +, for every point MoEM 
we can exhibit a neighborhood of the form {MEM : | «(M) — x(Mo) | <&} 
in which f,(M) can be expanded in a Taylor series in powers of 
x(M)—x«(M,). Therefore, x(M)— f;(M) is a locally analytic operation; 
but then, by the theorem that has been stated just above, there exists an 
element +,€R such that +,(M) =f,(M), and this is what was required. 

The theorem of the present section differs from the one in § 6 first of all 
by the fact that it permits the use of multiple series instead of simple Taylor 
series, where the elements that occur in these multiple series may change 
from place to place. But even in the simplest case, where the given locally 
analytic function can be expressed in the neighborhood of each point MoE M 
aS a power Series in x(1/) — +(M>o) with one and the same +, the theorem 
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stated here does not reduce to Theorem 1 of §6, since f(€) need not be a 
single-valued function on the spectrum of +. 

5. Proof: The proof of Theorem 1 is not easy; we carry it out in several 
steps. 

A) We begin by discussing the case where F is a ring with a fmite number 
of generators +1,..., *, and the elements 2;,..., 2m in all the expansions 
(1) are chosen from among these generators. As we know (§ 5), the space 
M=— MR) can be identified with a certain closed bounded subset F of an 
n-dimensional complex space C”, by assigning to every maximal ideal M 
the point C= {4,(M), ..., n(M)}€C*. Since this correspondence is one 
to one, the single-valued function f(M) on Mt is also single-valued on the set 
F and is an analytic function in the variables (, ..., G, on this set, so that 
it is single-valued and analytic in a certain domain G containing the set 
F=M. 

It was shown at the end of §5 that 9 is convex with respect to poly- 
nomials and is therefore the intersection of a certain (infinite) number of 
domains of the form 


(CEC*: | PGinvas Ge) | <1), (2) 


where C= (Cj, ..., €,) and P is the symbol for a polynomial in the variables 
eres OF 


6. We define a Weil domain as an arbitrary domain that is the intersection 
of a finite number of domains of the form (2)—say, of the domains 


Ge=(SEC™:. | PeGa2nas G,) | =< 1} (R==1,..., N), 
where every system of n manifolds 
T,=({f€EC™ [Py ..., &)[=1} 

has an intersection of (real) dimension not exceeding n. 

Let us show that there exists a Weil domain containing Yt and contained 
in G. 

Let t= a G,, where 

G,={fEc" |P,G,..-. &)|<l}. 

Since Jt is bounded, m domains of the form 


Q={tEc*: Zz] <1} (j=1,..., n), 


where c; are positive constants, can be added to the domains G,. Let 


84 IJ. GENERAL THEORY OF COMMUTATIVE NorMED RINcs (cont.) 


m,= max |/P,(G, ..., ©) |. 
CEM 
Obviously, m, <1. We consider the closed sets 
Fy=(CEC% [Py Gr ++ Gn) | S94} 
and 
S;= {CE C": [85 |S 4,}, 
where m, < 6, <1 and 
max | 2;(M)| = max |C a;<C; g—s eres (3 2 
ma 5 ( | ven et i< j J ) 


Since MCF,CG, and MCS;CQ,, the intersection of all the sets F, and 
S; also coincides with t. But the intersection of all the sets F, and S; with 
nr 


the closed set CG complementary to G is empty; since S = ‘a 5S; is a closed 
j=l 

bounded set in €”, we can therefore choose a finite number of indices 

V1, ..., Vm Such that intersection of the sets F,, .-., F,,,,5 with CG is 


empty ; but this means that 
Fy .+- NFi,NSiN.+- NS_cG. 


Ym) 


The intersection of all the domains 


{CEC 


5, Pay pee) <i} (i= 1,..., m) 


and 


{cE Cr: J] <1} Gavia. i) 


is a fortiori contained in G. But this intersection is a domain contained 
in G and containing Mt. 

This domain can always be made to satisfy the last condition defining a 
Weil domain; this is so in virtue of the following argument, which shows 
that, apart from the polynomial P, == P,(G1, ..., G,), every polynomial P, 
sufficiently near to P, is suitable for the construction of the required domain. 

We put P,=P,/6, + R,, where R,(t) is an arbitrary polynomial whose 


absolute value does not exceed a given number ¢ > 0 in the domain 


O= (CeCe: |G [Se G=1,..., n)}. 


Since MCQ, we have max | P, |S ate. On the other hand, in Q 
CEM ’ 


it follows from | P(t) |< 1 that | P,(€)|< (1+). Thus, for suffi- 
ciently small ¢ the intersection of the domain {C€C*:| P,(€) | <1} with Q 
contains M and is contained in {CE C*: | P,(C) | < 1}, and this means that in 
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the construction of the Weil domain the polynomial P,(€) can be replaced by 
P,(C). By selecting the latter polynomials in such a way that no system of 1 
functions | P,(t) | is functionally dependent, we then obtain the required 
Weil domain. 


7. Now we can proceed to the completion of the proof of our theorem in 
the case A under consideration. For rings with uniform convergence the 
truth of this statement follows directly from a theorem of Weil, which 
states that every analytic function in a Weil domain G can be represented 
in the form of a series of polynomials uniformly convergent inside G (i.e., 
on every closed bounded subset of G).® 

In the general case, we consider the so-called integral representation of 
Weil (which he constructed for the explicit purpose of proving the theorem 
of the present section). It is obtained as follows. 

The Weil domain constructed above is defined by inequalities of the form 


[ag (Gere ae eel | (¢==1,.....5 NN), 
where P, are certain polynomials in (, ..., C,. Let 
54 == (CEC: | Pi(G1, rey Ca) = 1 ae 


We denote by %, ee ty the intersection of the manifolds 5;,, ..., 54,3 it is 
orientated in a definite way, but there is no need for us to go into the 
details. For every point (t1, ..., T:) €Mt we can write down the expansion 


% 


Pyle oes Og) — Paty, o 00, tn) = 2 (C5 — 3) Qag (Ca, «+ 2 On) 


=1 


where Q,,; are certain polynomials in (1, ..., G, whose coefficients depend on 
T1,.-.,T. We put 


Di, .. ig = Aet|1Q;,4]| Ch a eho ID) 


Then every analytic function f(t, ..., Gr) in G can be represented on M 
in the form of an integral 


f(™%), oo es se 
] Di wee ty Fly eee Cn) 0, ... Aly 
= (Qni)" »> 7 in a 


n s (3) 
(tyro ty) oa, 0. DE LPs, a 0-00 Sn) — Pa, (tar - os ta)] 
yar] 


6B. A. Fuks, Theory of Analytic Functions of Several Complex Variables, Moscow- 
Leningrad, 1948, p. 329 [in Russian]. See also B. A. Fuks /ntroduction to the Theory 
of Analytic Functions of Several Complex Variables, Providence, 1963, p. 300. 
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where the summation extends over all combinations of the indices 
ty << lg <<... <% ranging from 1 to N.’ 

Since the polynomial FR, (Ci, ..., Sn) —Pj, (t1, .-., tr) does not vanish 
when (Gi, ..., C,) ranges over oj, ...4, and (t, ..., tr) ranges over M, the 
integral (3) can be interpreted within the ring. Indeed, first of all, the 
inverse element 


[P:, (U1, 22 Gy )e—Py (CH, -.-, Xn)| “a 


exists in R (where e is the unit element of R) and obviously depends con- 
tinuously on the parameters (1, ..., C,. Furthermore, since D,,...i, as a 
polynomial also depends continuously on the parameters Cy, ..., Cr, we can 
integrate the ring element 


Dy, cavinf Gv «+++ Go) MD [Psy Gor «Sa OP, eee 


with respect to the parameters (, ..., €, ranging over 6; ,,.4,- When we 
sum these results over the indices 71, ..., i, and multiply by 1/(27z)", we 
again obtain an element of R. In virtue of the continuity of the canonical 
homomorphism R— R/M, the values of the element so obtained on the 
maximal ideals of R coincide with the values of the function f(t1,..., T,) at 
the corresponding points of 9. Theorem 1 is thus proved in the case A. 


8. B) For what follows we introduce the important concept of the joint 
spectrum of n elements %1,..., ¥, of anormed ring R. This is the name for 
the set S= Sp(41,...,4%,) of all points {+,(M),..., 7,(12)} of the n-dimen- 
sional complex space €C*, where M ranges over the space 2 of maximal 
ideals of R. Obviously S is a closed bounded set that lies in the domain 


Z= (CEC: |t/S|jai|] G=L...,n)). 


Note that Sp(+1, ..., 4n) does not, in general, coincide with the joint spec- 
trum Sp,(41, ..., ¥n) of the elements 11, ..., %, in the subring RoCR gen- 
erated by them, i.e., by Theorem 4 of §5, with the space of maximal ideals 
of this subring Ro; in general, we only have the inclusion 


Sr(41. eeey Xn) CSr (41, cee y Xn) 


(which follows in an obvious way from the fact that every maximal ideal of 
R yields, by intersection with Ro, a maximal ideal of Ro). 

*9, For example, let R be the ring of all continuous functions on the 
circle |€ |= 1 of the complex plane. The spectrum of the element 2(C) = 


7 Loc. cit., p. 306. 
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is the set of the points of the circle |€|==1. The subring Ro generated by 
these elements is the ring 4 of all functions analytic in |€| <1 and con- 
tinuous on | | <1; the set of its maximal ideals is the disc | € | 1, which 
is larger than the spectrum of the element ¢ in R. 


10. We shall now establish the following important proposition: 

LemMMA: For every (single-valued) function f(€) =f(G1, ..., Gr) analytic 
on the joint spectrum S of the elements x1, ..., Xn of R there exists an ele- 
ment «ER such that for every MEM we have the equality 


f(vi(),..., xn(M)) = + (). 


Proof: In the special case where +1, ..., %, are generators of FR, their 
joint spectrum S coincides with Jt and the truth of the lemma follows from 
what has been proved under A. Now it turns out that in the general case 
we can add to 41, ..., ¥, a certain number of elements y1, ..., Vp of R so 
that the projection Sp(41, ..., %n) onto C* of the space MN” of maximal ideals 
of the subring R’CR generated by the elements +1, ..., %n, V1, ---» Vp, CON- 
sidered as a subset of the (m-++ p)-dimensional complex space C*t?, is 
contained in a preassigned open neighborhood U of S—for example, one in 
which the function f(€) remains analytic and single-valued. Then f(€) can 
be continued as a constant with respect to the remaining p arguments to WV’, 
where it is again a single-valued analytic function and, by what has been 
proved under A, corresponds to a certain element +¢€ FR’; this completes 
the proof. 

Let us now show how to select the required elements 1, ..., yp. If the 
point C°=— {C,° ..., 9} €C” does not belong to Sr(*1, ..., 2), this means 
that there is no maximal ideal in R that contains all the differences +; C,°e 
(j= 1,...,n”). But then the ideal generated by these differences is the whole 
ring R and consequently for a certain choice of the elements 1, ..., Yn we 
have 


Dy (xj — Ce) yj =e. 
jai 


n 
In a certain neighborhood of ¢° the sum >j(*;—tje)y; differs in norm from 
j=l 


e by less than 1 and therefore has an inverse element in R. Moreover, this 
inverse element is contained in the subring R, generated by %1, ..., ¥n, 
V1, ---,» Wa. Thus, even in Ry there is no maximal ideal containing all 
the differences +;— Ge, ie, (1, --., Gn) ESe, (41, -.., +n), and a fortiori 
(cya Cn) E Se (41, ..., 4n) for every R’DR,. Now we observe that the 
set-theoretical difference Z\.U of the domain Z with U is compact and 
therefore can be covered by a finite number of the neighborhoods in ques- 
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tion. We consider the subring R’ generated by all the corresponding ele- 
ments 41, ..., Yn, Vp --+5 Vay +++, Vp. Its space of maximal ideals Q’ 
considered as a subset of the (n+ /)-dimensional complex space €**+? 
projects in the space C” of the first m coordinates onto the set Sp (41,..., ¥n) 
contained in Z. Furthermore, by what has been proved, no point of Z\_U 
can fall into the projection Sp(41,..., ¥n), which is therefore entirely con- 
tained in U. The lemma is now proved. 


11. C) We now proceed to the proof of the theorem in the general case. 
By assumption, with every point M@,)€t there are associated its neighbor- 
hood U(M,) and n arbitrary elements 21, ..., 2,. Since MM is compact, it 
can be covered by a finite number of these neighborhoods, say, by U1,..., Um, 
and we may assume that U; is given by inequalities of the form 


| 45 (M) — 913 (My) | << 8g, © 6+ | Meg (M) — Ing (My) | < 83. (4) 


The elements involved in the expansions of the form (1) for the neighbor- 
hoods U,,..., Um and also in the inequalities (4) describing these neighbor- 
hoods will be denoted by 41, ..., %. Let S=Spr(41, ..., #7) be the joint 
spectrum of the elements +1,..., %g, 1.¢., the set of points 


C= {x,(M), .... x¢(M)} 


of the qg-dimensional complex space C%, where M ranges over MM. 

If the points M’ and M” do not belong to the same one of the neighbor- 
hoods U,, ..., Um, then by construction the corresponding points (’ and (” 
are distinct. Therefore the complete inverse image Yt, CM of every point 
CES lies entirely in one of the neighborhoods U,, ..., Um. On the whole 
of this inverse image a single expansion of the form (1) is operative. Since 
the functions 2;(12) involved in the expansions (1) are constant on Yt;, the 
function f(1/) has the same value on the whole of Dt;. Thus, we can define 
a single-valued function f(C) on S by putting it equal to f(/) for every 
MEM, All the functions +,;(M), ..., +¢(MZ) also intersect on the set S, 
which is formed simply by the cartesian coordinates of its points in C7. The 
expansion (1) shows that f(€) is an analytic function in a neighborhood of 
every point CES, i.e., is analytic on the whole of S. But then, by the lemma 
proved under B (§ 13.10), there exists an element +€F such that the func- 
tion +(M) assumes the value f(€), where C= {11(/), ..., #q(M)}, for every 
MEM and therefore coincides with f(/). The proof of the theorem is now 


complete. / 
*12. As our first example of an application of Theorem 1, let us prove 


the following proposition, which gives a criterion for our ring of functions 
to contain all the functions that are analytic on a given set. 
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THEOREM 2: Let R be aring of functions of a complex variable CF having 
as its set of maximal ideals a closed bounded set S in the C-plane. If for 
every point Go€S there exists a function Qo(C) ER that is analytic in a neigh- 
borhood Vo of Go and has a non-zero derivative in Vo, then R contains every 
function that is analytic on S. 


Proof: Every function f(€) analytic on V» is analytic with respect to 
@o(C), i.e., can be expanded in a series of powers of @o(€) (because o(6) 
effects a conformal transformation onto a domain in its plane and f(C) can 
be regarded as given and analytic in this domain). Therefore every func- 
tion f(€) analytic on S is, in virtue of the condition of the theorem, locally 
analytic with respect to R and, by what has been proved, must belong to 


this ring. / 


*13. As a second example, we shall make an application of Theorem 1 
to the problem of the solvability of analytic equations in a ring without radical. 
We begin with the equation 


x*—= a, (5) 


where a is a known and x» an unknown element of the normed ring R. 

Clearly, such an equation is not always solvable; thus, in the ring 4 of 
functions 2(€) analytic in the circle |€ |< 1 and continuous in the closed 
circle | €| <1 the square root of the element 2(€) = cannot be extracted. 
An obvious necessary condition for solvability of the equation (5) is that 
there exists on Yt(R) a (single-valued) continuous function f(//) for which 
f?(M) =a(M). In the particular example quoted, of course, this condition 
is not satisfied. But in the general case it is still not a sufficient condition. 
For example, in the ring Ao of functions f(t) analytic in the circle |¢| < 1, 
continuous in the circle |¢ |= 1, and having at C=O a derivative equal to 
zero, the function 2(€) = C? does not have a square root, although the corre- 
sponding continuous function f(€) == exists on the space of maximal ideals. 

Using Theorem | we can give the following sufficient condition for the 
existence of a square root of the element a: For the solvability of the equa- 
tion (5) in a ring R without radical it is sufficient that the equation 
f?(M) =a(M) has a solution in the class of all (single-valued) continuous 
functions on IMN(R) and that a has an inverse. For under these assumptions 
the continuous function f(/) admits an expansion in a series of powers of 
a(M)—a(Mpo) in the neighborhood of every point Mo, and therefore, by 
Theorem 1, there exists an element x such that +(M/)—f(M), and thus 
=a. 

Hence it follows, for example, that if R is the ring of functions on 
C=exp (it) (Ot < 2x), which has this circle as its space of maximal 
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ideals, and if R contains the function exp (2it), then FR also contains the 
function exp (it). This result cannot be deduced from the theorems of § 6. 
The arguments used here can be extended almost without change to an 


analytic equation 
F(x, 15sec an) = 0 (6) 


and also to a system of such equations 
Fy (41,...,%% hy...,%)=0 (t= 1,...,F); (7) 


we call an equation of the form (6) analytic here if the function F can be 
expressed as a power series in the arguments C, ai(M/), ..., a@n(JZ) in the 
neighborhood of every system of values of these arguments. 

A sufficient condition for the equation (6) to be solvable with respect to 
x inaring R without radical is as follows: This equation 1s solvable in the 
class of all continuous functions on It(R) and the expression 


OF (x (M), a, (M), .--, Gn (M) ) 
Ox 
does not vanish on IN(R). 

A sufficient condition for the system of equations (7) to be solvable with 
respect to 71,..., #,1n a ring R without radical is as follows: These equa- 
tions have a solution in the class of all continuous functions on M(k); 
moreover 


det | Oe (41 (M), - + Xx (MD, a CM), -- sn (AD) | 
OX; 


does not vanish on N(R). 

For in these cases, by the classical theorems on implicit functions, the 
solutions x(M/) (in the case of the equation (6)) and +;(M) (in the case of 
the system (7)) are locally analytic functions of the elements a), ..., @, and, 
by Theorem 1, belong to R. 


14. We conclude this section by considering an application of the above 
results to the construction of an operational calculus in normed rings. 

Let Ap be a ring of functions m(C) analytic on a closed bounded set F of 
the plane of the complex variable . Suppose, further, that the spectrum 
of the element + of the normed ring FR is contained in F. In §6 it was 
shown that 4r can be mapped homomorphically into RF in such a way that 
the function @(C) = 1 goes over into the unit element of R and the function 
p(C) =C into x and that every sequence of analytic functions @,(¢) uniformly 
convergent on any domain GDF goes over into a sequence of elements of R 
convergent in norm (Theorem 2 of §6). This makes it possible to give a 
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reasonable definition of an analytic function of an element x in R and one 
for which it is natural to speak of an operational calculus on elements x of R. 
This construction can be generalized to the case of several elements of 
the ring in the following way. Let A(F) be a ring of functions 
{(C) = f(t, ..., Cr) analytic on a closed bounded set F in the complex 
n-dimensional space C". Suppose, further, that the joint spectrum S of the 
elements +1, ..., %, of R ts contained in F. Then there exists a homo- 
morphism of A(F) into R such that the function f(C) =1 corresponds to the 
unit element e of R and the function f,;(C) =, to the element x; (7=1,...,n) 
and such that the uniform convergence of the functions f,(C) (f,E A(F)) on 
any domain GDF implies the convergence of the corresponding elements 
f(x) in the norm of R. 
*15. Proof: We assume, to begin with, that the elements +1, ..., 4%, are 
generators of R, so that their joint spectrum S coincides with the space 
Mk) of maximal ideals of R. As was shown under A in the proof of 
Theorem 1, every analytic function f(€) on S can be represented in the 
form of a Weil integral 


1 Dy, ..-ty £5) 4 
F(t +++) tm) = Bone =, 
1S <..<igSN 9.004, [TP (Ps, ©) — Pe, >) 
yer] 


and we can associate with the function f(€) the element f(x) = F(a, Lgattn) 
of R defined by the formula 


] -ly 
j= Gar Ly J This ()e— Pi, (2)] 
1St,<..-<ty <=N oy ed 
X Digest, OF (0) Me (9) 


Let us verify that this formula realizes the required homomorphism. 
Obviously, it defines a linear mapping of A(F) onto a certain set of elements 
of R and the uniform convergence of the functions f,(€) in the domain 
GDF implies the convergence of the corresponding elements f(x) in the 
norm of &. We have to show that this mapping carries the functions 
1,1,...,, into @, 41,..., 4, respectively , and the product of the functions 
f(C) and g(C) into the product of the elements f(x ) and g(x). 

We observe, first of all, that the integral (8) is equal to zero if we have 
| Pu(t) | > 1 for at least onep (1S uN). The proof? consists in carrying 
the integral (8), by means of simple algebraic transformations of the func- 


8 See, for example, B. A. Fuks, Theory of Analytic Functions of Several Complex 
Variables, Providence, 1963. 
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tions under the integral sign, into a sum of integrals of analytic functions 
of €, which vary over the domain {C€C*: | P(t) | <1}, the integration 
being over the boundary of this domain ; by Cauchy’s Theorem, each of these 
integrals is equal to zero. If the element P,(+) — Pu(C)e has an inverse in Rk 
for every € such that | P,(€) | =1, then our argument can be translated into 
the language of elements of R and it shows that in this case the integral (9) 
is also equal to zero. For these algebraic transformations of the expressions 
under the integral sign can also be carried out on the elements of FR; on the 
other hand, the integral of every abstract analytic function (with values in FR) 
taken over the boundary of its domain of analyticity is equal to zero, because 
the result of applying an arbitrary linear functional to an abstract analytic 
function yields an ordinary analytic function. 

It is easy to derive from this that the value of the integral (9) does not 
depend on the special choice of the Weil domain used in constructing it, as 
long as it is contained in the domain of analyticity of f(€). For on the dif- 
ference of two such domains one of the polynomials P,(€) is everywhere 
greater than 1 in absolute value; this means that P,(C)— Pu(t) does not 
vanish for t€S, so that the element P,(*)—— P,(C)e has an inverse in R. 

Suppose, in particular, that the function f(€) is of the form f,(C1) ... fa(n), 
where f;(€;) is analytic for | €; | Sc;. Here we can take for the Weil domain 
{CeC*: |t;| Sc; G=1, ..., 2)}; the corresponding Weil integral then 
becomes a product of m ordinary Cauchy integrals: 


t= TT bar J IHG) Ge aye (10) 


j=l [Sy | =e; 


But, as was shown in § 6, for ordinary Cauchy integrals the relation 


_ [ @—natae, — [ S@e—xnatax 
|S jae | &l=e 


holds. Hence it follows immediately that the Weil integral (9) carries the 
functions 1, Ci, ..., O, into the elements e, +1, ..., %n, respectively, of R. 


It remains to show that the product f(€)g(¢) goes over into f(x)g(x). In 
the case where f and g each depend on one coordinate only, f(€) = f(€,;) and 
g(C) = e(C), this follows for kj from what was proved in §6 and for 
k Aj, from the formula (10). Hence the required inclusion is easily derived 
in the case where f(€) and g(€) are products of functions each depending on 
one coordinate only. Going over to sums and taking the linear properties 
of an integral into account, we see that the property in question is true for 
a wide class of functions, including in particular all polynomials. Further- 
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more, every function f(C) that is analytic on F and hence in some domain G 
including F is the sum of a series of polynomials uniformly convergent 
within G that is obtained from by expanding the expressions 


1/[Pu(C) — Pult)] 


under the integral sign in (8) into power series in the ratios Py(t)/P,(6). 


Hence the required property f(¢)g(¢) > f(+)g(x) is easily obtained from the 
corresponding relation for polynomials by passing to the limit. And so our 
theorem is proved, under the provisional assumption that the elements 
41,..., 4, are generators of R. 

We emphasize that in this case there can only be one homomorphism 
with the properties in question, because the mapping €;— +; extends in a 
unique way to all polynomials and, further, by means of a passage to the 
limit, to all analytic functions on F. 


*16. We now proceed to the discussion of the general case. Let #1,..., 4%, 
be arbitrary elements of R, and S their joint spectrum. Further, let 
Gi DGe2D...D G,D... be a sequence of domains in C” contracting to S. 
We must assign to every function f(C) analytic in at least one of the domains 


G, an element f(x) —f(x1,..., tn) of R for which the homomorphism con- 
ditions are satisfied and the uniform convergence fm(C¢) — f(€) on G, implies 


~~ 


that fn(x) > f(x) in the norm of R. 


As was shown under C) in the proof of Theorem 1, for every v1, 2, ... 
we can define elements ui, ..., Ying Vor -++5 Vongs -++> ot, +++ Vony Of R 
such that the projection of the set Nt, of maximal ideals of RK, generated by 
the elements +1, ..., 4n Via, ---, Yon, from the space C”T™+-'°*™% of the 
variables ©,,..., Ge, Gi, .--, wns where it is naturally located, into the space 
C* lies inside the domain G,. 

By what has been proved above, there exists a unique homomorphism 
of the ring A(M,) of all functions f(C) = f(t, ..., Ga Cir, .--, Syn,) analytic 
on Yt, into R such that the functions 1, G1, ..., Gn, Gir, ..-, Con, ZO Over into 
the elements ¢, %1, ..., 4a, Vin ---> Vn respectively, and the sequence 
fm(S), uniformly convergent in the domain GDMt,, corresponds to the se- 


quence f,(4) convergent in norm. In particular, this homomorphism assigns 
to every function f(C) = f(C1, ..., 6.) analytic in the domain G,CC” an ele- 


one 


ment f(x) of R, because such a function can be regarded as given in a 
neighborhood of 2t,. The transition from v to v-++ 1 extends the domain 
of definition of this homomorphism from the class of functions analytic in 
G, to that of functions analytic in G,41, and by virtue of the uniqueness 
proved above, the image of the function f(€) analytic in G, is the same element 
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of R in both mappings, 4(G,) > R and A(G,41) > R. The homomorphism 
theorem is thus completely proved. / 


*17. Remark: The operational calculus on certain elements of a ring, 
ie., the homomorphic mapping of A(S) into F described above, was first 
constructed in 1954 by L. Waelbroeck [72] following a somewhat different 
path. Within the domain G containing the joint spectrum S of the elements 
H1,..., 4, of R, Waelbroeck constructed a domain defined by the inclusions 
CEA; — bs diay n), P;(S) EA; G= n + 1, eey N), where P,(6) are poly- 
nomials and A; (;—=1, ..., N) are domains in the complex plane, possibly 
not simply connected. To every function f(G, ..., 6,) analytic in G one can 
assign the function F(€) —= F(C,, ..., Cv) in CN, equal to f(Gi, ..., 6.) at the 
points where CF; = P;(G1,...,G) G==2+1,..., N). By certain theorems 
of H. Cartan and Oka, F(C) can be extended uniquely (as an analytic func- 
tion) to the whole set 


E= {0€ Aye. es bn € Am Ones € Anas ++, by Ay}, 


whereupon it can be represented in the form of a multiple Cauchy integral 


N 
1 F (24) dt, 
rom Tf ar J a (11), 


jal r 
7 j 


where the ['; are contours bounding the domains A; (;—1,..., N). 
The formula (11) defines a homomorphism of the ring of functions A4(E) 
into R. It can be proved by means of another theorem of Cartan that the 
kernel of this homomorphism is the ideal J generated by the functions 
C— PG, ..., OG.) Ga=n+1,..., N). The factor ring A(E)/J is then 
isomorphic to the ring A(S) of analytic functions on S, which in this way 
turns out to be mapped one-to-one onto a set of elements of R. 


§ 14. Decomposition of a Normed Ring into a Direct Sum of Ideals 


1. Derinition 1. A normed ring R is a direct sum of the two ideals J, and 
I if: 

a) the intersection /;M Jz consists of the element 0 only; 

b) every element +€R can be represented in the form of a sum 
H==4,+ x2, where +,€]1, r2€lo. 

From a) it follows easily that the representation b) is unique. For if 
A=4,+ 4241+ yo, then O= (4,—y1) + (%2— ye). Since O and 
41;— 1 belong to J;, we see that %2—ye€J,; but on the other hand, 
X2— yoE€le; therefore #2— yo==0, ro = ye, and hence x; = y,; as well. 
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Furthermore, since /; and /2 are ideals, we have, for arbitrary elements 
41€1, and r2€le, x1%2€ 1,0 Te and hence, by a), 41:42 0. 

Let FR be the direct sum of its ideals J; and Jz. We consider the compon- 
ents of the unit element: ee, + é2 (€:€/1, e2€J2). Since e;¢2.=—0, we 
have e == e” =e," + ee”, and hence, by the uniqueness of the decomposition, 
€;7 = 1, 27 == 2. The element e; in the ideal /;—and likewise, eg in I2— 
plays the role of the unit element: if +,€/,, then +,e2—0 and therefore 
we have +1¢€; = +(e — @2) == 4%. The ideals J, and Je are closed: if +,€/, 
and 4,— 4%, then +%,==4,e1— xe, and consequently *—+7e,€];. Thus, 
I, and I, are normed rings with the unit elements e; and éo, respectively. 

Suppose, conversely, that there exists an element e,€ FR, different from the 
zero and the unit element, that has the property e,7==e,. We consider the 
element ¢: == ¢ — €;; obviously, 


€;€2 = €;(€ — ey) = e,;— e;7 =O and eo?=— (e—e;)e2— eo. 


Let 7, and [2 be the ideals generated by the elements e; and ée, respectively. 
Let x€1,0 Ie; this means that «= #’e,—=+«”e2 and hence it follows that 
Ka (C€g+ C1) = 4#'e eo + 4% C2e1;=0. Thus, /;NJ>2 consists of O only. 
Furthermore, every element x€ FR can be represented in the form of a sum 
X= 4%, + eo, where re,€J, and xeg€Ie. We see that the conditions a) 
and b) of Definition 1 are satisfied, so that R is the direct sum of the ideals 
I, and Io. 


2. THEOREM 1: If a commutative normed ring R is split into the direct 
sum of two ideals I, and Io, then the space N(R) of maximal ideals of R splits 
into the sum of disjoint closed sets Fy and Fe that serve as the spaces of 
maximal ideals for the rings I, and Ie, respectively. 

Proof: Let e; and és be the unit elements of J; and Jz. It follows from 
the equations e;7 = ¢, ¢o7 = é2 that the functions e,;(M/) and e2(M) assume 
the values 0 and 1 only. Let F; be the set of all those maximal ideals for 
which ¢;(M@)—1, and Foe, that of all those maximal ideals for which 
éo(M)=1. These sets are closed. Since e; + eg e, we have 


e:(M) + e.(M)—1; 


therefore F, and Fg are disjoint and together constitute Mi(R). Thus, to 
the decomposition of FR into the direct sum of the ideals J, and J, there cor- 
responds a decomposition of the space Mt(R) of maximal ideals of R into 
the sum of two closed disjoint sets, Di() == Fi + Fe, where 


Fi, ={MEM(R): a (M)—1}, Fo={MEM(R): e2(M) = 1}. 
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Let us show that Fy—=Mt(/,) and Fe —=M(/e2). For let MyEF;. By 
assigning to every element +,€/, the number +,(14,) we obtain a homo- 
morphic mapping of /, into the field of complex numbers which is not 
trivial, because e; goes over into 1. Thus, every maximal ideal M,€F, of R 
defines a certain maximal ideal of J;. Moreover, two distinct maximal ideals 
M,, M,;’€F, correspond to distinct maximal ideals of J1, because for every 
element +€R we have that Mi(*4) = M,(%e1) and M,'(4) = M1’'(4xe1), so 
that M, and M,’ must differ at least for the element +e,€J,. Conversely, 
let M’ be a maximal ideal of /;. By assigning to every element x€R the 
number +,(M’), where +,;—-%e,, we obtain a non-trivial homomorphic 
mapping of F into the field of complex numbers. The maximal ideal de- 
fined by this homomorphic mapping must be contained in Fy, because for 
every maximal ideal M2€F2 we have 4;(M2)=—0. Thus, every maximal 
ideal M’ of J; defines a certain maximal ideal M, of R, and obviously dis- 
tinct maximal ideals M’ CJ, generate distinct maximal ideals M,C FR; and 
if M’ generates M,, then My, generates, in the way indicated above, that 
same maximal ideal M’. Thus we have established a one-to-one correspond- 
ence between F; and Mt(/,).. From the equation +(M’) = +,(M,j) it follows 
that the topological spaces /; and M(/,) are homeomorphic. In the same 
way we can satisfy ourselves that Fy and Mt(I2) coincide. / 


THEOREM 2: Let R be a normed ring and let Mt(R) be representable in 
the form of a sum of two disjoint closed sets Fy and Fz. Then R splits into 
the direct sum of two ideals I; and Ig that are rings with unit elements 
having F, and Fo, respectively, as their spaces of maximal ideals. Further- 
more, the ideals I, and Iz are uniquely defined by the sets Fy and Fo. 

Proof: For the proof of the first statement it is sufficient, by Theorem 1, 
to establish the existence of an element e, with the properties: 


a) ¢y7 61; b) {MeEM(R): e(M) —1} = Fy. 


The function f(J/) equal to 1 on F; and to 0 on F¢ satisfies the conditions 
of Theorem 1 of § 13; by virtue of this theorem there exists a z€R such 
that 2(M)—1 on F, and 2(M)=O0 on Fy. If 222, we put e; == 2 and 
€é2==e—z. But if 2? 2 (2? and z may differ, in general, by an element 
of the radical), we proceed as follows. All the values of 2(4Z) on F;, lie 
within the circle |1—A|< 1/3, and all the values of 2(M/) on Fe within 
the circle [A |< 1/3. Let D denote the set of these circles. The spectrum 
of the element 2 is contained in D, and the function e;(A) equal to 1 within 
the circle | 1—A| < 1/2 and to 0 within the circle |A| <1/2 is analytic 
in D. We put 
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€y = e1(2) =a f (Ae — 2)—1dh. 


1 
—iz o_ 
bias = 


Since (e1(A))* = e1(A), we have, by equation (2) of §6, ¢,2?==e;. Further- 
more, by Theorem 1 of § 6, e:(M) is equal to 1 on Fy and to 0 on Fe, and 
hence e, is different from O and e. Thus, the first statement of the theorem 
is proved. 

For the proof of the second statement it is sufficient to satisfy ourselves 
of the following: If e; and e;’ are such that e;2=e,, e;/*= =e,’ and 
e,(M) = 1 if and only if e)’/(M) —1, then e;’ = ey. 

Since the function e,(1/) — e;’(M) is equal to 0 everywhere on M(R), 
the powers of ¢; —e;’ must tend to zero. But, as is easy to verity, 


(2; — ey’)*" +1 — e,— ey’ 


for every integer n=0. Hence it follows that e; =e)’. / 


3. The concept of the direct sum of ideals can be generalized in an obvious 
way to the case of an arbitrary finite number of components J;, ..., In: 
every element +€ must be representable, in a unique way, in the form of a 
sum *# = 4,-+...+ 4,, where +,€/, (¢==1, ..., ). From Theorem 2 it 
follows, in particular, that a normed ring R with a finite number of maximal 
ideals splits into the direct sum of a finite number of ideals that are rings 
with one maximal ideal. 


§ 15. The Normed Space Adjoint to a Normed Ring 


1. Like every normed space, a normed ring R has an adjoint space R’ con- 
sisting of all linear functionals on R. 

We have already studied the ‘multiplicative’ functionals M(*) = +«(M) 
i a normed ring; since every multiplicative functional has the norm 1, the 
multiplicative functionals are located on the surface of the unit sphere in 
the conjugate space. 

To every element +€F there corresponds the linear operator +* in R’ 
that is adjoint to the operator of multiplication by + in R; the operator +* 
acts on the functional f by the formula 


(y, #*f)== (ry, fy)  (fER, yeR). 


We shall say that PCR’ is an invariant subspace of R’ if P is invariant 
under every operator x+*. If PCR’ is a closed subspace, then for it to be 
invariant it is necessary and sufficient that it is invariant under the operators 
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a«* corresponding to the generators of Rk; for from +,— x it follows that 
Kn¥ f —> af. 

The set A* ofall linear functionals that are equal to zero on every element 
x of a given set ACK, as the reader knows, is called the orthogonal comple- 
ment of A. The orthogonal complement of a set 4 is always a weakly closed 
subspace of R’; and conversely, every weakly closed subspace PCR’ is the 
orthogonal complement of a certain set 4 CR, namely the (weakly closed) 
set of all elements «€R on which every functional f€P vanishes; we shall 
call the latter the orthogonal complement to P in R and shall denote it by P*. 

The orthogonal complement J* of an ideal JC R is an invariant subspace 
of R’. For if feJ~ , then for every y€J we have (y, x«*f) == (ry, fy —=0, no 
matter what the element r€X; therefore +*f occurs in J* whenever f does. 
Conversely, if PCR’ is an invariant subspace of R’, then its orthogonal com- 
plement P* CR is an ideal in R, because it follows from fEP, ER, ye P* 
that (xy, f) == (y, +*f) =0. 

Thus, the weakly closed ideals in R and the weakly closed invariant sub- 
spaces of FR’ are orthogonal complements of each other. 

The invariant subspace M~ CR’ orthogonal to a maximal ideal MCR is 
one-dimensional and consists of the multiples of the functional M(-*) ; con- 
versely, every one-dimensional invariant subspace P C R’ has as its orthogo- 
nal complement a certain maximal ideal MCR. 

The one-dimensional invariant subspaces PCR’ are, naturally, minimal 
invariant subspaces of Rt’. 

Every non-zero weakly closed invariant subspace PCR’ contains a one- 
dimensional invariant subspace. For the proof, we consider the ideal P* CR 
orthogonal to P. It is contained in a certain maximal ideal M. Therefore, 
P as the orthogonal complement of the ideal P* contains the one-dimensional 
invariant subspace orthogonal to the maximal ideal VM. 


*2. By way of illustration, we consider the space W’ adjoint to the ring 
W of absolutely convergent Fourier series (Example 3 of §1). W is iso- 


oO 
morphic to the space /, of absolutely convergent numerical series S Cn 
m=—0o 


and, as is well known, the space /,’ adjoint to 1; can be identified with the 
space of all bounded sequences {..., f—1, fo, fi, ...}, so that if 


ms {. Pag Oty COs Cig. 25 J€h, 
then 


Hes. SS fe. (1) 


N= —co 


On the basis of this we shall identify W’ with the latter space. 
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A closed invariant subspace of W’”’ can be defined as a closed subspace 
that is invariant under the operators adjoint to the operators of multiplica- 
tion by exp (zt) and by exp (—7t) in W (because exp (it) and exp (—7#) are 
generators of this ring). The operator of multiplication by exp (it) shifts 

(e @) 


the sequence of coefficients of the series +(t) = >, Cn exp (int) one place 
Nx —OO 


to the right; the operator of multiplication by exp(—v7t) shifts the same 
sequence one place to the left. From the formula (1) it now follows easily 
that the operators [exp (it)]* and [exp (—7t)]* shift an arbitrary sequence 
f={..., f-1, fo, far, ...}€W’ one place to the left and to the right, respec- 
tively. Thus, a closed invariant subspace of W’ is a closed subspace that is 
invariant under right and left shifts. 

As we know, every maximal ideal My of W consists of the functions 


x(t)==  crexp (int) that vanish at a fixed point to€[0, 2x), so that 


N=—0O 
[oo] 
x(to) = > C,exp (int) ==0. Hence it follows that the one-dimensional 
N= —COo 


invariant subspace My’ CW’ orthogonal to Mo consists of the multiples of 
the sequence {exp (into) }. 

Since, as we have shown, every weakly closed invariant subspace PCW’ 
contains a one-dimensional invariant subspace, we obtain the following 
result: Every weakly closed subspace of the space of bounded two-sided 
sequences that is invariant under shifts contains a subsequence of the form 
{exp (into)}. This fact forms the content of a well-known theorem of 
Beurling [5, 6]. 

Beurling has also proved that every weakly closed invariant subspace 
PCW’ containing only one sequence {exp (into)} 1s one-dimensional and 
consists of the multiples of this sequence. This result can also be obtained 
from ring arguments. Namely, the orthogonal complement in W to a sub- 
space PCW” satisfying Beurling’s conditions is a weakly closed ideal in W 
containing only one maximal ideal M,,. But, as will be proved in § 39, not 
only every weakly closed, but also every strongly closed ideal of W, if it is 
contained in only one maximal ideal, coincides with this maximal ideal. 
Hence it follows that P is one-dimensional and therefore consists of the 
multiples of the sequence {exp (into) }. 


PART TWO 
CHAPTER III 


THE RING OF ABSOLUTELY INTEGRABLE FUNCTIONS 
AND THEIR DISCRETE ANALOGUES 


§ 16. The Ring V of Absolutely Integrable Functions on the Line 


1. We denote by L1(—, 0), or simply by L!, the space of all measurable 
complex functions of a real variable that are absolutely integrable on the line ; 
and by introducing the norm 


lz l= f le@ lat, (1) 


we turn it into a Banach space. 
THEOREM 1: If x(t) and y(t) EL}, then the integral 


(7 * y)(t)== f x(t—t)y(t) dt (2) 


~OO 


exists for almost all t and also belongs to L1; moreover 
le * yl] Seq [ol (3) 


The operation of convolution * defined by the formula (2) ts bilinear, asso- 
ciative, and commutative, so that L1 is a normed ring with respect to the 
multiplication defined, by formula (2), as convolution. 

Proof: Since x(t) is Lebesgue measurable on the line, the function 
ax(t—t) can be proved to be Lebesgue measurable on the plane (t,t). Con- 
sequently, +(t—t)4¥(t) is also a measurable function of (¢,1t). But then, by 
Fubini’s Theorem,! the existence of the first of the integrals 


1 See S. Saks, Theory of the Integral, Warsaw, 1937, Chap. III, § 9, or P. R. Halmos, 
Measure Theory, New York, 1950, § 36. 
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f f <¢—o ye dtas, 


-DO —®©D 


f\ f xe—9 year) ac j( fea year] a 


—00 —00 —co \—o 
and for x(t) = 0, y(t) =O the existence of any one of them, implies the 
existence of the other two and the equality of all three integrals. But the 
second integral exists: 


f( f x09 909 at) dom f f =e —vat] ye aem 


-co —oo —0o —0o 


= f( f =@at) y@dem f xa f v@an 


—& —& 


When we replace x«(t) and y(t) in this equation by | x(t) | and | y(t) |, we 
conclude that the first, and hence also the third, integral exists, 1.e., the 
integral (2) exists for almost all ¢, 1s measurable as a function of ¢ and is 
absolutely integrable, and 


f\ fxe—9x@ ae) a= f xa f yaar 


Replacing +(t) and y(t) here by | x(t) | and | y(t) |, we obtain 


co oO 


lx * y|| = f f #¢—dy@ae dt< 
= f( fist—91ly@1as) at— te PIE 


which is the inequality (3). Applying Fubini’s Theorem again and making 
the substitution t— t+ 6, we obtain 


Xx (VX2Z) = fxe—9/ Sxe—9z0a) = 


—- 0 ~~ 


= J f 996-94") 200.40 


—&O —CO 


= | J xe—2—n yar) 20) do Gee x2 
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so that the convolution is associative. Further, the substitution t—2 t—t 
gives 


x*y= fe€—vI@a= fey ¢—2)dt= yxx, 


—©O Oo 


so that the convolution is commutative. Finally, the bilinearity of the con- 
volution is obvious. / 


*2. Fubini’s Theorem, which has been used in the proof of Theorem 1, 
can by no means be attributed to the elementary part of the theory of the 
Lebesgue integral. Moreover, the applicability of this theorem is based on 
the fact that +(t—t) is measurable as a function of two variables, and the 
verification of this, although elementary, is rather tedious (which is why we 
have omitted it). Let us give a proof of Theorem 1 that only uses, instead 
of Fubini’s Theorem, its completely elementary analogue for continuous 
functions in a finite rectangular domain and some elementary properties 
of the Lebesgue integral. 

Proof: Let L be the vector subspace of L1 formed by all continuous 
‘finite’ functions, i.e., those that are equal to zero for all values of the variable 
of sufficiently large absolute value. The ‘convolution’ (2) of the functions 
a(t) and y(t)€L (where the integration is actually between finite limits) is 
easily seen also to belong to L. The operation of convolution (2) thus 
defined in L is obviously bilinear; and the substitution t— t—T1 in (2), as 
before, shows that the operation is commutative. Further, just as above 
but relying on the theorem of the interchange of the order of integration 
for continuous functions in a finite rectangular domain, we can satisfy our- 
selves of the fact that convolution ts also associative. Finally, on the basis 
of the same theorem but otherwise exactly as before, we can establish the 
inequality (3), which shows that the convolution in ZL is continuous in the 
norm (1) jointly in the two ‘factors.’ 

Since L is dense in L1, it now follows that there exists in L1 a uniquely 
defined multiplication + that coincides on L with the convolution and pre- 
serves all the properties of the latter. Thus, 211s a normed ring with respect 
to this multiplication and it only remains to show that the multiplication 
so defined can be expressed by the same formula (2). 

Suppose, to begin with, that y(z) is bounded, | y(t) | = C, so that the lemma 
to be proved below is applicable. This lemma implies, in particular, that 
the function (+ *y)(t) is integrable in any finite interval. We now take 
Xn, Va€L, so that 


l 
lx— nll <= 


and 
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Then ly — Yall <7emmax [Xm OI 
flex y) (t)— (xn * Yn) () | dt < 
rae n oO 
[| file @-9-2n¢-—9lly@| ae | ae + 
—-n |-o 
n foe) 
+ f fis —a1i7 9 wore ats 
—-n |-o@ 
<2Cnlx—xqll +2nmax| xn ()Ily— yall <2SEY, 
Hence it follows, first of all, that 
fiexnolas Siewert +2? « 
<ixnxynl +2St). 


But since +,—> 4 and y,— y, we see by the inequality (3) that | tn ¥® Vn | 
is bounded. Therefore the inequality (5) shows that + * yE€L}, and by now 
passing to the limit n> oo in (4), we obtain that 1 KRy—xKY | = 0, i.e., 


Since every function g€L! can be represented in the form of a linear 
combination of non-negative real functions of L}, 


_|tzl+ee |Re|— we, 1321432 | S2l—9e 
— 2 2 2 2 ; 


and the operations * and. are bilinear, in order to complete the proof that 
the two operations coincide it is sufficient to show that + * y exists and 
coincides with x+y for any two non-negative real functions #,yE€L!. For 
this purpose, we put 


yy(t) = y(t), where y(t) SN, 


N, where y(t) > N. 


For N— oo, we have | y— Yn | — 0, and therefore | HYy— rey | — 0. 
On the other hand, by what has been shown above, +: yy = 4% * yy (because 
yw is bounded), and since yy(t)/ y(t), i-e., yw(t) tends to y(t) monotonically 
at every point, we have +(t—t)yw(t) 7 4(t —t) y(t), and consequently 
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© 


(x*¥y¥y)(@%) = fx¢-—dyy@a 7 fx@—Dy@a=(exy) (0. 


OO 


In conjunction with the preceding, this shows that (x * y)(t) is finite for 
almost all ¢, belongs to L1, and coincides in L} with x-y. /# 


3. TuHeroreM 2: The ring L1 does not contain a unit element. 


The proof of this theorem will be based on the following lemma, which 
will also be required elsewhere.? 


LemMa: The convolution (x * y)(t) of the function «EL with an arbi- 
trary bounded measurable function y(t) (which obviously exists for all values 
of t) is a continuous function of t. 


Proof of the Lemma: Let | y(#)| SC. Then 
(xx y)¢+A4)—(xxyO|S 


<C f|x¢+r—y—x¢—dlae=c ff [xe+H—x@|[ de 


But the latter integral tends to zero for h->0. In fact, if x(t) is a continu- 
ous ‘finite’ function, i.e., a continuous function that is equal to zero outside 
a finite interval, then this follows from its uniform continuity and from the 
boundedness of the set on which it is different from zero. This property 
of “absolute continuity’ of the Lebesgue integral carries over to the remain- 
ing functions of L1 by virtue of the fact that the set of continuous finite 
functions is dense in L! and that L1 is invariant with respect to the ‘transla- 
tions’ x(t) > #(t +h). This proves the lemma. 

Proof of Theorem 2: If L1 were to contain a unit element e(¢) for the 
convolution, then every bounded function +€L1 would have to coincide 
almost everywhere with the function (e %* +)(t) which, by the lemma, is con- 
tinuous. But in L1(— o, o) there are bounded functions that differ from 
every continuous function on a set of positive measure: we can take, as a 
simple example, the characteristic function of a finite interval. / 

The normed ring obtained by formal adjunction of a unit element to L} 
will be denoted by V. 

Thus, / is formed by the elements 3—Ae-+ +(f), where e is the unit 
element adjoined, 4 is an arbitrary complex number, and x(t) is an arbitrary 
function of L1, and where | 4 | ==|A4|+ | x ||. 


2 It has already been used just above, in § 16.2, 
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Now let L1(0, 0) be the space of all absolutely integrable measurable 
complex functions on the half-line Ot < o with the norm 
GO 
le = fle la. 
0 
It is a normed ring when convolution is taken as the ring multiplication, 
where ‘convolution’ is defined by the formula 


t 
(xxy)()= fi x(¢—r)y(x)de. (2’) 
In fact, : 
a(t)> #(t) = “ if +=0, (6) 
0 if t<O0 


is an isometric imbedding of L1(0, 0) into L1(—o, o), and 
t co 
f xt—dy(dt= f H(t—d5(dde. 
0 —co 


Thus, L1(0, 0) identified with its image L1, in L1(—oo, o) under the 
mapping (6), is a subring of L1. The subring of V obtained by adjoining 
a unit element to L1, will be denoted by V4. 


*4. The multiplication in the ring 7 of Example 5 of § 1 was given by the 
same formula (2’). But there ¢ only ranged over the interval [0,1]. Thus, 
if we extend every function x(t)€£1(0,1) to the half-line (0, 0) or the 
whole line (—oo, 00) by putting x(¢) equal to zero everywhere outside the 
interval [0,1], then the product in L1(0,1) can be regarded as the restric- 
tion to the interval [0,1] of the product of the corresponding functions in 
L1(0, 0) or L1(—o, «).8 

9. Similarly, the space L1(0, T) of all absolutely integrable measurable com- 
plex functions on an arbitrary interval [0,7], with the norm 

T 
|e = f le [at 
0 
is a normed ring when the ring multiplication is convolution, as defined by 


the formula ; 


(x ¥ y)()= fxt—dydr OSS 7). 
0 


3 Hence we can derive once more all the properties of the convolution in L*(0,1) 
that were established in § 1. 
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The ring obtained by adjoining a unit element to L*(0, 7) will be denoted 
by /(0, T). 


§ 17. Maximal Ideals of the Rings V and V+ 


1. Obviously, L1 is a maximal ideal in VY. We denote it by M.; we shall 
see below that it plays the role of the point at infinity in the space of maximal 
ideals of the ring V. 

Let us find the rest of the maximal ideals of Y. Let s be an arbitrary 
real number. For every element 3==Ae + x(t)EV we put 


3~(s) =A fx@ eist dt. 


It is easy to verify that 3—> 4~ (s) is a homomorphic mapping of V into the 
field of complex numbers. For the only thing that needs to be verified is 
that the product of elements of the ring goes over into the product of the 
corresponding numbers. To do this it is sufficient to show that the convo- 
lution of the functions x, y¢€L! corresponds to the multiplication of their 
Fourter transforms 


x~(s)= f x(t) est dt, y~(s)— f y (t) ett dt. 


—- Oo 


Since | #~ (s) |S | x | and the set L of finite continuous functions is dense 
in L1, we can restrict ourselves to the case where +, yE€L. But since the 
interchange of the order of integration is valid for continuous functions in a 
finite rectangular domain, we then have 


flex @ estat f( f x¢—9 yar] eist Jt — 


— CO —cCOo —co 


f ( fx (t — t) ef8 (-*) y(t) oa dt = 


= f f =@—neet-vat) y@erar= 


=—O —© 


co 


== f x (t) ett dt f y (x) e* dr. 


—o —©o 


The maximal ideal generated by the mapping 3 — 4~ (so), 1.e., the totality 
of all elements 3 Ae + +(t)€V for which 
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3~ (So) = A+ x~ (59) =A fx® erect dt — 0), 


will be denoted by M,,. Thus, 3(M 2) ==8~ (So). Tf 51-452, then the 
maximal ideals M,, and M,, are distinct ; for then there exists a tf == fo such 
that eto 4 etfto and by taking for x(t) the characteristic function of a suffi- 
ciently small neighborhood of the point to, we have +~(s1) #4+~ (se). More- 
over, all these maximal ideals are different from M., since +(M.) 0 for 
every function +€L1, whereas for every so there exists a function +€L* 
such that +(M,,) =~ (so) 40 (for example, the characteristic function of 
a sufficiently small neighborhood of the point t= 0). 


2. We shall now show that the maximal ideals M, and M,, exhaust all the 
maximal ideals of the ring V. 

We denote by +9,s(¢) the characteristic function of the interval (a, d). 
The functions +,,,(¢) are generators of L1, and hence also of V. 

LemMA: A closed ideal of the ring V containing the function 2(t)eEL" 
also contains all its ‘shifts’ 2(t—A), namely 


ae a 12 (t)% Fe nen For 1 (c <A), (1) 


where the limit ts to be understood in the sense of convergence in norm. 


Proof: The functions Forth) For ® (which obviously do not de- 


pend on c) are bounded in norm, for they all have the norm 1: Hence it 
follows that it is sufficient to prove the limit relation (1) for the functions 
2(t) = -ra,.(t), which are, as we have said above, generators of V. But for 
2(t) = %4,p(t) the product under the limit sign is easy to calculate: its graph 
is given in the figure. The difference between this product and +2,.(¢—A) 


8 8, 
A /\. hs ¢ 
AA AtArh S+A btAth 


has the norm h, equal to the sum of the areas of the triangles ABC and 
A,B,C,. Thus, the limit of the product for h->0 is indeed the function 
Xa,p(t—A). Wi 

THEOREM 1: If a maximal ideal M of V is different from M., then there 
exists a real number s such that for every 3==)he+ x(t)E€V we have the 
equality 
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§(M) =)\-+ fx@ es! dt ==4~(s); (2) 


in other words, M coincides with a maximal ideal M,. 

Proof: Let M be a maximal ideal of V different from M,. Then there 
exists a function 2(t)€ ZL) such that 2(M)+0. We put z(t) = 2(t—A). 
The application of the functional M (+) = +(M) to both sides of equation (1) 
shows that 


t)— t d 
lim M {oath UF Xe. = M (%,.) = XO) (3) 
exists for all A, where 
7,00) = M(2,)/M (2), (4) 
so that, in particular, 
4(0) = 1. (5) 


, it follows from the for- 


Since | |=1 and | M(x) |S || + 


mulas (3) that 


Xe,r1+h— “err 
h 


XA) S1. (6) 
Further, since 
“hip *¥Z=— 4 Zu) 
we have 


M (2,44) M(z)= M (2) M(2,). 
Dividing by [M(z)]* and bearing formula (4) in mind, we obtain 
X A+ p) =x A) x (p). (7) 


In particular, for p==—A, taking (5) into account, we have 


I=xAx—A; 
hence, by (6), it follows that 
| x(A) | = 1. (8) 


It follows from formula (4) that the function y(A) is continuous, because 2, 
is (in norm) a continuous function of A (see the proof of the lemma of § 16). 
But every continuous function that satisfies the functional equation (7) and 
the condition (8) is of the form e**, where s is a real number. Therefore 


we have 
4 (A) = ets. 


Upon integrating the second of the equations (3) over the interval aSA=b 
and observing that M(4.») —M (4.2) = M(4,,), we obtain 
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b ree) 
Xa, »(M) = M (Xa, o) = f et dh—= f xq, p(t) eltdt = x4, 9” (8)- 
a -~oo 
Thus, the equation (2) is established for the functions 3==%a,,(#). Since 
these functions are generators of , (2) also holds for all the elements 3€V 
and Theorem 1 is proved. / 


Using Theorems 3’ and 1 of §§ 4 and 6, we derive the following corollaries 
of Theorem 1. 

CoROLLARY 1: The element 3—=he+ x(t)E€V has an inverse in V tf and 
only if the expression 


(r+ fro eat 


is distinct from zero for every s. 

CoROLLARY 2: If X(s) is the Fourter transform of the function «€L} 
and F(z) 1s an analytic function, regular on the closure of the set of values 
of the function X(s) and vanishing at the point z—=O0, then Y(s) = F(X(s)) 
1s also the Fourter transform of a function ye L}, 

If instead of Theorem 1 of §6 we use the stronger Theorem 1 of §13 
and if, identifying the maximal ideals of the ring V with the corresponding 
points, we consider V asa ring of functions on the line —o < 5s < 0, com- 
plemented by the point s== o, then we obtain the following result. 

Corotiary 2’: If Y(s) (| 5 |S 0) is a function that can be expanded in 
the neighborhood of every potnt so (including sy == ©) in a power series of 


the form 


Y(s)= D> a, [Xz, (8s) — Xz, (S9)]"; 


n=0 
where X,,(s)€V, then V(syeV. 


*3. In particular, if X(s)eV does not vanish for any s (|s | oo) and 
the total increment of arg X(s) in running through the line —o <s< oa 
is equal to zero, then the function log X(s) exists in V, i.e., a function Y(s) 
exists which satisfies the equation exp (Y(s)) = X(s). This fact is used 
in the theory of integral equations (see also the end of § 35). It cannot be 
obtained immediately from the preceding Corollary 2, because the spectrum 
of the element X(s) may not fit into any sheet of the Riemann surface of the 
function log C. 


4, Let us determine the structure of the space 0(/”) of maximal ideals of V. 
To be specific, let us show that 2t(l) ts a projective line, 1.e., is homeo- 
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morphic to a circle. The projective line is obtained by adjoining the point 
at infinity to the real line —o <s < o, where the neighborhoods of the 
ordinary points remain as before and a neighborhood of the point at infinity 
is defined as the set of points (including the point at infinity itself) that 
satisfy the inequality | s| > A for all possible 4 >0. We shall show that 
if we identify the maximal ideals M, with the corresponding points s of the 
real line —w <5 < 0 and the maximal ideal M~ with the point at infinity, 
then the topology of M(V) as the space of maximal ideals coincides with 
the topology of the projective line. 

On account of the compactness of the projective line, it is sufficient for 
this purpose, by Theorem 1’ of §5, to show that 3(M)—=A-+ +(M), con- 
sidered as functions on the projective line, are continuous for all 
g=-Ae +t x(thEV. Since +(M,) =-x~(s) and +(M,) =0, we only have to 
show that the Fourier transform #~(s) of the absolutely integrable function 
a(t) is continuous and tends to zero for | s|—> 0. But the Fourier transform 
%a,o~(s) of the function +#,,,(t) has these properties, as is clear from the 
equations 


yore) b 
et8b __ efsa 


xaos) = f xa,o(f) ett = f cist dt = =, 


—0O a 


and since the x,,,(¢) are generators of /, we easily conclude, bearing in mind 
the obvious inequality | *~(s) |S } x ||, that all the functions x~(s) have 
the properties stated. 

On the basis of this we can identify the maximal ideals of V with the 
corresponding points of the projective line, extending the Fourier transform 
of the function +(t) € L! to the point at infinity by defining +~ (0) to be zero. 


9. In the theory of the Fourier integral great importance attaches to the 
uniqueness theorem, according to which an absolutely integrable function is 
uniquely determined by its Fourier transform. By Theorem | this is nothing 
but the statement that in the ring V there are no generalized nilpotent ele- 
ments x({t)€L1 other than zero. Since an element 3—=Ae + +(t) for which 
A540 is obviously not generalized nilpotent (because 3(M/..) ==A0), we 
see that the uniqueness theorem for the Fourier transform of an absolutely 
integrable function is equivalent to the theorem on the absence of a radical 
in the ring V. In Chapter IV this theorem will be proved for a wide class 
of rings including V’. 


*6, Let us apply the results just obtained to an analysis of the problem 
of the solvability of an integral equation with a kernel that depends on the 
difference of its arguments. 
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We consider the integral equation 
e()+2 f kE— Dear = S(O), (9) 


where f(t), R(t)EL1(—o, o). This equation can be written in the form 
p(t) A(R ¥ g) (¢) = f (2). 


Assuming that @(t) also belongs to £1, we go over from the equation (9) 
to the corresponding equation on the set of maximal ideals; in other words, 
we take the Fourier transform (extended to the point at infinity) of all the 
terms of the equation (9). We arrive at the equation 


g (S)-+ AR™ (8) 9~ (8) = f™ (8), 
or 


¢~ (s) [1+ Ak™ (s)] = fF (5). 


For this equation to be solvable for the Fourier transforms f~(s) of arbitrary 
functions f(t) EL} tt is necessary and sufficient that the function 1 + AR~(s) 
should not vanish for any real value s. Indeed, the necessity of this condi- 
tion is obvious, since if 1 +-Ak~(so) == 0, then equation (9) is unsolvable 
for those f(t) for which f~(s9)==0. But if the condition is satisfied, then 
the function g(s) = 1/[1 + Ak~(s)] is also an element of the ring V. Taking 
the unit element out as a separate term, we obtain 
1 
+ ik G) = 1+ Q(s,A), 


where Q(s,A) is the Fourier transform of a function q(t,A)E€L1. Asa result, 
we have 
re 1 oy ee ~(s\) = 
? () = Fo! (S)=(L4+Q(S HIF" (S)= 
= f(s) +. Q(s WF (5) 


since (by the uniqueness theorem for the Fourier transforms of absolutely 
integrable functions) 


eO=fO+ fat—ads@ae. (10) 


Thus, tf the function k~(s) = f k(t)etdt does not assume the value —1/A, 


—©co 
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then the equation (9) is solvable and the formula for its solution has the 
form (10), where q(t,A) is again a function that ts absolutely integrable with 
respect to t. Thus we have obtained a fundamental result of the theory of 
integral equations on the line with a kernel that depends on a difference. 


7. We shall now discuss the subring / , of V obtained by adjoining a unit 
element to the ring L!, of those functions of L1(— 0, oo) that are equal to 
zero for allt <0. This ring plays a role in problems connected with the 
Laplace transform. Let us find the maximal ideals of V4. 

L1, forms a maximal ideal in VY , ; as before, we shall denote it by Ma. 
Let M be a maximal ideal of /, other than M,. Since the operation 
x(t) — x(t—A) is defined on the entire ring L!, only for the values 4 = 0, 
the arguments given in the proof of Theorem 1 show that the function 


d 
10) = 5 M (xo, ») 
exists and is continuous for all A = 0 and satisfies (for these A) the conditions 


lxQ}]S1 
and 


XA+ »)=xA)X)- 


Hence it follows that 
XQ) = e***, 


where s can now be an arbitrary complex number with a non-negative 
imaginary part ; and, in the same way as at the end of the proof of Theorem 1, 
we obtain 


(Ke x) (M) = h-E f x (t) ett dt 
0 
for allde-++EV 4. It is easy to see that, conversely, the mapping 


he x—>r-+ f x (t) et8t dt 
0 


for arbitrary s with Ys = 0 is also a homomorphism of VY , into the field of 
complex numbers and therefore determines a maximal ideal M, of V4; 
moreover, if 51452, then M,, ~M,,, and all M, Ma. Thus, the set of 
maximal ideals of “4 can be identified with the half-plane Ns = 0 supple- 
mented by the ‘improper’ point (corresponding to the maximal ideal M,,). 
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*8. We leave it to the reader to formulate the analogues of the Corollaries 
1, 2, and 2’ for the ring V , and to prove the homeomorphism of the space 
M(V,) with the half-plane Js = 0, extended to a compactum by adjoining 
the point at infinity. 


§ 18. The Ring of Absolutely Integrable Functions With a Weight 


*1, With hardly any change, the arguments given in the two preceding 
sections enable us to generalize considerably the results obtained in those 
sections. 

Let a(t) be a positive function defined and continuous for all real values 
of ¢, and satisfying the condition 


a (ty + ty) Sa (4) (fs), (1) 


whatever values f; and ¢2 may have. 

By repeating the arguments given in § 16 with the appropriate modifica- 
tions we can satisfy ourselves of the fact that the set* L[a] of all measurable 
complex functions x(t) (—o% <t< o) for which 


Ix = flx@le@)dt<oo, 


forms a normed ring with the usual linear operations and with the convolution 


(xe y)Q= f xt— Dyan 

as multiplication, and that this ring has no unit element. The normed ring 
obtained from L[a] by adjoining a unit element will be denoted by [a]. 

We denote the maximal ideal of V [a] formed by all the functions of L[a] 
by M,. We preface the search for the remaining maximal ideals by the 
following remarks concerning the ‘weight function’ a(f). 

If a(t) satisfies the condition (1), then so does a(—t). By arguments 
similar to those in footnote 4, § 3.1, applied to the functions loga(t) and 
log a(— t), we can show that 


™==sup [1/(—t#t)] -loga(#)= lim [1/(—12)] -log a(t) (2) 
t>0 t >-+00 
and 
to inf [1/t] -loga(—t)= lim [1/¢]-loga(—42). (3) 
t>0 t->+00 


4 Another notation (used in the original Russian-language edition of the present book) 
is L“” 
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Moreover, since it follows from (1) that 
[1/(— #)] log a(t) = (1/t) log a(— #) — (1/t) log a(0) 
for all ¢ >0, we have 
—0 CT =e < OO. (4) 


Now let M@ be a maximal ideal of the ring / [a] other than M@,. It is easy 
to see that the operation x(t) > x(t) = «(t—A) is defined in L[a] for all 
real A, that the lemma of § 17 remains valid, and that +, is (in norm) a con- 
tinuous function of A. Repeating the arguments given in the proof of 
Theorem 1 of § 17, we arrive at the conclusion that the function 


CC WG a alin M4 “okth— err } (c <r) 
dh h>0 h 


exists for all real A, is continuous, and satisfies the conditions 
4A + B) = x04) x (0) (5) 


| x@) | Sa), (6) 


of which the latter follows from the fact that 


and 


lim 


Xo h+h— Xen | — alk 
nae m (A) 


From (5) and the continuity of the function (A) it follows that 
x(t) = exp (izt), 
where z= o + 11 is a fixed complex number. The inequality (6) shows that 
exp (— tt) Sa(t) (7) 
for all real values of ¢ or, what is the same, 
[1/(— t)] -log a(t) StS [1/t] - log a(—?) 
for allt > 0. Bearing in mind the formulas (2) and (3), we conclude that 


Ty ST LTe. (8) 


Thus, ¢ lies in a finite strip (in virtue of (4)) of a width determined by the 
inequality (8) and, just as at the end of the proof of Theorem 1 of § 17, we 
obtain co 


(Me + 2)(M)=2-+4+ ff x(t) exp (izt)dt (9) 


—COo 
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for all Ae-+x€V [a], where the integral in (9) converges absolutely in 
virtue of the inequality (7). 

Conversely, by assigning to every element Ae + x€V [a] the number that 
expresses the right-hand side of (9), where z == o + 11 is an arbitrary fixed 
point of the strip t;] Stte, we obtain a homomorphic mapping of the 
ring V [a] into the field of complex numbers, which therefore determines a 
maximal ideal of this ring. 

Thus, the maximal ideals M+ M,, fill out the strip t, = Be Ste; the 
maximal ideal M, closes this, making it a compact space. Obviously, propo- 
sitions similar to the Corollaries 1, 2, and 2’ to Theorem 1 of § 17 hold. 


*2. Let us now consider the set L, [a] of all measurable complex functions 
a(t) (Ot < o) satisfying the condition 


|| =f | (0) | a(t)dt < 0, 
0 


where a(t) is a positive continuous function defined only for ¢ = 0 and satis- 
fying the condition (1) for these values of t. This set forms a normed ring 
with the usual linear operations and the multiplication defined by the 
formula 


t 
(x y(t) = f x(t—a)y(v)de 
0 


The normed ring obtained by adjoining a unit element to L,[a] will be 
denoted by V , [a]. 


*3. The same arguments by which we have found the maximal ideals of 

the ring ’ [a] now lead to the following result: The set of maximal tdeals 

of the ring V [a] is the half-plane Nz = t, = lim (1/— #) ‘loga(t), which 
t>-+00 


can be closed in a natural way to a compact space by the maximal ideal 
M,=L.,[a]. Note that the possibility t1==-+ 0 is not excluded (it is 
realized, for example, for a(t) t—*); the half-plane Yz 21, then degen- 
erates and M,, remains as the only maximal ideal of the ring V 4 [a] ; in this 
case, precisely those elements Ae + x€V 4 [a] have inverses for which A 540. 

We apply this result to derive the following theorem of Tauberian type: 

Let a(t) be a positive continuous function defined for all t= 0 and satits- 
fying the condition (1) and let F(t) be a function that 1s measurable and 
bounded on every finite interval of the positive axis. Let xo(t)€L4 [a] be 
such that 


fol) exp (izt)dt A— 1 (10) 
0 
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for all z=o+ it with t=lim [1/(—t)] loga(t) and 
t »+0 


t 
(F + f soe —aFLaaslat —0 for t—> 0. (11) 


Then 
F(t)a(t) 0 for to 
as well. 
Proof: To every element 3—j)e + +x(t)€V4[a] there corresponds the 
operation 3% that carries an arbitrary function ®(t), measurable and bounded 
on every finite interval 0 = t= 00, into the function 


t 
g¥ O(t) = 29 (4) + f x(¢—5) O(s) ds, 
0 


which is also measurable and bounded on every finite interval. Obviously, 
81 % (42 * © (2) ) = (31 * G2) * ® (E). 


Within the ring V , [a], the operation 3% is that of multiplication by 3. It is 
easy to show that it follows from ®(t)a(t) > 0 (for t— oo) that 


(3 * O(t))a(t) > 0 


(for t—>0o) for every 3€VY [a]. By (10), the element e+ +o does not 
belong to any maximal ideal of Y [a] and hence has an inverse in ’ , [a]. 
Furthermore, the condition (11) can be written in the form 


[(e +- x0) ¥ F(A] 2 (¢) +0. 
But then, by what has been proved above, we also have 


(e+ x9)? * [(e + x0) ¥ F(d)] 2 (t) = 
= [e+ x0)! ¥ (e+ x0)] ¥ F(t) a (t) = F(t) a(t) +0, 
which is what we wished to prove. / 


This theorem was first established in the special case a(¢) =1 by Paley 
and Wiener ([43], pp. 59-60). 


§ 19. Discrete Analogues to the Rings of Absolutely 
Integrable Functions 


1. In § 16 we discussed the rings of absolutely integrable functions Y, V’,, 
and /(0, 7) in which multiplication was given as convolution by the formulas 
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a) (xx NOQ= J x¢—dy@ar 


in the ring V; 


fore) t 


(b) (xx NO= fx¢—Dy@de =f x¢—)y@ de 
0 0 


in the ring V , ; 
i hy t 
(c) (x¥y)()= fx¢—vdy@ar=fx¢—dy@a 
0 0 


(0=t=T) in the ring (0, T). 
In this section we shall discuss discrete analogues of the rings V, V + and 
I(0, 7) (and also of the rings V[a] and V4 [a] of § 18). 


2. Instead of functions x(t) of a continuous argument ¢ we shall consider 
functions a, of an integral argument », which ranges in the first case from 
—oo to + 00, in the second case from 0 to + oo, and in the third from 0 to m. 
As norms we naturally take the quantities 


[7 = 2 el 


where the sum extends over the corresponding sets of values . We shall 
give multiplications by formulas analogous to the formulas (a)-(c): 


(a’) dy, % by, = > An—KOk 


k=-o 


foe) mn 
(b’) An ¥b,—= > On—1KD_ = ps On—K0x; 
= 0) 


k=0 
(c’) a, & y= Sa uy b —— 
" n— n—KkY >) An—k k (OSnS™m). 
k =0 k=0 


The ring of sequences {a,} (—% << 0) with the multiplication given 
by formula (a’) is obviously isomorphic to the ring W of absolutely con- 
vergent Fourier series; the isomorphism can be established by means of the 
correspondence 


{an} > > Gn exp (int). 


nm=—co 


The ring of finite sequences {a@,} (0 "<= m) with the multiplication given 
by formula (c’) is isomorphic to the ring 1) of Example 4 of § 1. 

The ring of sequences {a,} (OS < o) with the multiplication given by 
formula (b’) will be denoted by Ws. We have not come across this ring 
before. 
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Occasionally it is convenient to represent the rings W, W., I™ as rings 


foe) foe) ™m 
of formal power series: > anX”" (for W), > a,X" (for W.), > AnX" 
T= — 00 n=O n=O 
(for J’), With this notation the operation of multiplication turns into the 
ordinary operation of multiplication of power series (in the last case, subject 


to the condition that X*—0 for p > m). 


3. Let us find the maximal ideals of W,. 
Suppose that an element X of W goes over under the canonical homo- 
morphism W.—- W,/M into the complex number ©. By the condition g) 


co co 
of §4 we have |€|S | X || =1, and «= >) 4nX" goes over into >) anc". 
n=0 


n=0 
oo c 

Conversely, every mapping )\a,X*— S)a,0" with |C| <1 is obviously 
n=0 n=0 


a homomorphism of W 4 into the field of complex numbers. Thus, the set 
of maximal ideals of W is the disc |€| <1 of the complex plane; here 


«(M) = -2(C)—= Sia,C*. And since it follows from this that (M)—0 


n=0 
only for +==0, we conclude that W4 is isomorphic to the ring of analytic 
functions having a Taylor expansion that is absolutely convergent in the 
disc || =1. 

W , can also be regarded as a subring of W, formed by those elements of 
the latter for which all a, with n < 0 are equal to zero. We recall that the 
set of maximal ideals of W is the circle C—exp(#t) (O=t< 2x). Thus, 
on transition from W to W. the set of maximal ideals is extended by the 
adjunction of all the interior points of the disc | § | =1. 

We have observed a similar process on transition from the ring V to its 
subring 4, : to the line —o <s < © (complemented by the point at in- 
finity) we had to adjoin all the points of the upper half-plane. 


4, Now let us proceed to the analogues of the rings V[a] and V , [a] of § 18. 
Let a, be a positive function of the integral argument n (—0 <n < 0) 
satisfying the condition 


Oey SS 2,8}. (1) 


The same condition is then also satisfied by a’=-a_,. By applying the 
results obtained in footnote 4 of § 3.2 to a, and a_,z, we obtain 


Pp, = sups = lim 
>o0 


n 9 
Ven N>+OU/G_ 


n 
0, = inf Vege lim Va,; 
n>0 


N-> +00 
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moreover, since it follows from (1) that 
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for all » > 0, we have 


(0<) Q1= 02 (< +o). 


We denote by W[a] the set of all formal series x= ) a,X* for which 


Nx —Co 
Hell = 2 lanl an < co. (2) 
From (1) it follows that if W[a] contains any two series + == > ay,X ” 
co Kee —oo 
and y= §) 2X’, it also contains their formal product 
t= —oo 


at omX = Da 63 am-b,) A 


m=—co \l 


and that 
co (a @) 
lxy[= > Fm 101| %m < 
Mm-—co ll 2 —co 
[oe] [oe] 
< 


=> D2 Da) | @m—1|%m—z| Oz | % = 


Mxa—oo la —ca 


3, (3,!4e-tltm-1) [Orla Hx yl. 


Thus, W[a] is a normed ring under the usual operations on power series. 

Let M be a maximal ideal of W[a] and X(M)==C=oexp(ig). Then 
XM) = oe" exp (inp) (n==0, +1, +2, ...); and since | xn | —O,, we 
have op” =a, (n=0, +1, +2, ...); hence 


| 


01=e=or. 


(3) 
Thus, for every x= )) a,X"€W[a], we have 
N= —00 
x(M)= > a,o", (4) 
N= —Co 


where € = Q exp (iq) is a point of the annulus defined by the inequalities (3). 
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Conversely, by assigning to every element + = > a,X"E€W [a] the sum 


N= —cO 
of the series (4), where C= exp (iq) is an arbitrary fixed point of the 
annulus (3), we obtain a homomorphic mapping of W [a] into the field of 
complex numbers, thereby determining a maximal ideal of this ring. 

Thus, W[a] has the domain (3) as its set of maximal ideals and is iso- 
morphic to the ring of functions analytic in this domain for which the 
Laurent series (4) satisfies the condition (2). 

For Q1= Qe the annulus (3) degenerates into a circle, and the necessary 
and sufficient condition for this 1s, obviously, the equality 


If both factors on the left-hand side are equal to 1, then 91 == Q2==1 and 
W [a] assumes the form of the ring of absolutely convergent Fourier series 


co 
> a, exp (in) with the weights any. 


m=—c oo 


Now let us consider the set W [a] of all formal power series 4 = >) anX" 
n=0 
satisfying the condition 


== DSlenlar< (5) 
n=0 


where OG, is a positive function of m that is defined only for the integers 
n = 0 and satisfies the condition (1) only for such values of k and J. This 
set forms a normed ring under the usual operations on power series and, 
exactly as before, we can state that this rng W.[a]is isomorphic to the ring 
of all functions of a complex variable, analytic in the interior of the disc 


co 
raw =lim \ / On, whose Taylor series > anC" satisfies the condition (5). 
n=0 


However, in contrast to the case of the ring W[a], the possibility 92-0 
is not excluded here; in this (and only this) case W[a] is a ring with a 
single maximal ideal. 

We leave it to the reader to formulate for the rings W414, W[a], and 
W ,[a] the analogues of the Corollaries 1,2,and 2’ to Theorem 1 of §17. 


*5,. B.S. Mitjagin [40] has given a complete description of the spaces of 
maximal ideals of the -dimensional analogues of the rings W [a] (as 
closed n-fold multicircular domains of a complex n-dimensional space having 
closed domains of regularity). 


CHAPTER IV 


HARMONIC ANALYSIS ON COMMUTATIVE 
LOCALLY COMPACT GROUPS 


1. In § 16 we discussed the ring Y obtained by formal adjunction of a unit 
element to the ring L? of all absolutely integrable measurable complex func- 


tions on the real line, with the norm || x || = f | #(t) | dt and the multiplica- 
tion (‘convolution’) 7 a 
(x y(t) = J x(t—n)y(a)dr. 


We found that the maximal ideals of V, other than L1, can be put into one- 
to-one correspondence with the points of the line —o <s< o so that for 
the maximal ideal /, corresponding to the point s we have 


CO 
«(M,) = fz exp (ist)dt = +~(s). (1) 
At the same time, we observed that the Fourier transform *~(s) of an abso- 
lutely integrable function x(t) can be treated as the canonical representation 
of x(t) in the form of a function x(M) on the maximal ideals of V. 

In the definition of V we have made use only of the fact that on the real 
line there exists a measure that is invariant under translation (Lebesgue 
measure). As Haar [24] (see also [4]) has shown, a measure having these 
properties exists on every locally compact group satisfying the second axiom 
of countability ; and this result was subsequently extended by Weil [73] to 
all locally compact groups. For every commutative group G of this kind a 
natural analogue of V is the ring ’(G) of all complex functions +(g) (gE G), 
measurable and absolutely integrable with respect to the Haar measure, with 
the convolution 


(x * y)(g)—= f x(g—h)y(h)ah 


1 We use the additive notation for the group operation in G. Whenever the domain 
of integration of an integral is not indicated, it is assumed that this domain is the 
entire group G. 
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as multiplication and with a unit element adjoined if necessary. The 
problem now arises: Can the canonical representation of x(g) as a func- 
tion on the maximal ideals of V(G) be written in the form of an integral 
of type (1) and what should be the analogue here to the functions exp (ist) ? 

The proof of the fact that the convolution of functions x(t) corresponds 
to the multiplication of their Fourier transforms is based only on the follow- 
ing property of the functions exp (7st) : exp (1s(u + v)) = exp (isu) - exp (tsv). 
Moreover, the existence of the integral (1) for all +€L} is based on the 
boundedness of the functions exp (ist)—namely, | exp (ist) | =1. The prop- 
erties referred to, in conjunction with the continuity of the functions exp (1st), 
express the fact that these functions are characters of the additive topological 
group of real numbers. 

In general, following Pontrjagin,? we define a character of a commutative 
topological group G as a homomorphic mapping of the group into the group K 
of all rotations of a circle, topologized in the natural fashion. The group 
K can be represented analytically as the additive group of real numbers 
reduced modulo 2x and as the multiplicative group of complex numbers of 
absolute value 1. In the additive treatment of the group K, a character y 
of G is given in the form of a continuous function y(g) of the argument g€G, 
assuming real values reduced modulo 2x and satisfying the condition 


x(g + h) = x(g) + x(h) (mod 27) 


(‘additive character’). In the multiplicative treatment of K a character x 
is given in the form of a continuous complex function exp (iy(g)), obviously 
satisfying the conditions 


exp (ix(g + h)) = exp (ix(g)) exp (ix(h)), exp (ix(g)) | = 1. 


Thus, we may expect that between the maximal ideals of V(G) (other 
than the set L1(G) of all absolutely integrable measurable functions, in case 
it does not contain a unit element with respect to convolution) and the 
characters of G there exists a one-to-one correspondence such that, for the 
maximal ideal M, corresponding to the character y, we have 


x(M,) = f x (g) e (9) dg = x~ (y). 
This would enable us to treat the Fourier transform +~(y) of an absolutely 
integrable function x(g) as its canonical representation in the form of a 
2L. S. Pontrjagin, Topologische Gruppen [translated from the 2nd Russian edition], 


Teil 2, Leipzig, 1958, p. 7, Definition 36. (See also Pontrjagin, Topological Groups, 
Princeton, 1939, p. 127, Definition 34, which is slightly less general.) 
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function on the maximal ideals of V(G). We shall not assume here a pre- 
vious knowledge of the existence of non-trivial characters on an arbitrary 
commutative locally compact group G. We shall construct these characters 
by means of the maximal ideals of /(G) and shall show that there are 
sufficiently many of them. 

On this basis we shall also obtain a fundamental proposition of harmonic 
analysis—the theorem of Plancherel, which then enables us to give a purely 
analytical proof of the Pontrjagin duality law for commutative locally com- 
pact groups. In conclusion, we shall discuss positive-definite functions, 
which also play an important role in harmonic analysis. 


§ 20. The Group Ring of a Commutative Locally Compact Group 


1. In all that follows G will denote an arbitrary locally compact commu- 
tative group; (B), the field of all Borel sets on G, 1.e., the smallest collection 
of sets in G containing all closed sets and invariant with respect to the opera- 
tions of taking complements and countable unions (and consequently, count- 
able intersections). 

On the field (B) there exists a Haar measure, i.e., a completely additive 
function of sets m(£) = 0 that is finite on all compact sets, different from 
zero for all open sets, and invariant under translation: 


m(E+¢g)—wm(E) for all EE(B) and geG. 


This measure can be extended in the usual way (with preservation of in- 
variance) to all sets that are measurable with respect to it, the measure of 
every such set (and in particular, of every set of (B)) coinciding with the 
lower bound of the measures of the open sets containing it and the upper 
bound of the measures of the compact sets contained in it (regularity of the 
Haar measure). Finally, the Haar measure on G is also invariant with 
respect to reflection: for all measurable sets E CG, we have 


Thus, the Haar measure on G has all the fundamental properties of the 
Lebesgue measure on the line (and coincides with it when G is taken to be 
the additive topological group of real numbers). 


2. Henceforth, we shall always understand measurability or integrability 
of a function on G as meaning measurability or integrability with respect to 
the Haar measure. L?°(G) (p= 1) denotes the space of all measurable 
complex functions x(g) on G that satisfy the condition 
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| e=(flz@ de) ® < 0, (1) 


where the integration is taken with respect to Haar measure and the domain 
of integration is the whole group G. L(G), furnished with the norm (1), 
is a Banach space. For p= 1, we shall write simply || + |] instead of || + []1. 
£12(G)shall mean L1(G)N L(G). 

From the invariance of the measure under translations there follows also 
the invariance of the integral: 


fale+nag=f xle)dg for all xELW(G) and heG. 


In precisely the same way, the invariance of the measure under reflection 
implies the invariance of the integral under reflection: 


f x(—2)dg= fielgdg for all xELU(G). 


The support of a function on a topological space is defined as the closure 
of the set of points at which it is different from zero; finite functions are 
functions with a compact support. The continuous finite functions on G 
form a vector space; we shall denote this space by L(G). It is contained 
as an everywhere-dense subset in every space L*(G) (p 2 1). 

Every element go€G generates a translation operator Ty: 


Ty,0(g) = 4(g— 80). 


From the invariance of the integral it follows that if x€L*(G), then 
T,x€L*(G) for every hEG and | Thx | =| + |: Moreover, for every 
rE L(G), 

| Tx — + ||p>0 for h-0: (2) 


in other words, for every & > 0 there exists a neighborhood U of the zero 
element of G such that 


fi a(g—h)—-x(g) |?dg<e for all heu (2’) 


(absolute continuity of the integral with respect to Haar measure).® 


3 See the proof of the lemma in §16. A proof of the existence of the integral and 
the Haar measure and a substantiation of all their properties enumerated here can be 
found in [73], [35], or [42], and an axiomatic treatment of Haar measure in [49}. 
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3. THEOREM 1: If x and yE€ L(G), then the integral 
(x * y)(g) = f x(g—h)y(h)ah (3) 
exists for almost all g and also belongs to L1(G); moreover, 


le* a Sill iy 


, 


and the operation of convolution * defined by the formula (3) is bilinear, 
associative, and commutative. 


Proof: With the help of the Haar measure m given on G we can con- 
struct a completely additive measure uw (also a Haar measure) on G XG, 
which 1s uniquely determined by the following properties: for every ‘rec- 
tangle’ X X Y, where X, YE(B), the equation u(X K Y) = m(X)m(Y) 
holds. It can be shown that r(g—h), and hence x(g—h)y(h) as well, is 
measurable as a function of the point (g,h)€G X* G with respect to the 
measure p. Hence Fubini’s Theorem is applicable to +(g—h)y(h) and we 
can therefore repeat word for word the proof of the theorem in question 
given in §16.2 for the case where G is the additive topological group of 
real numbers. //4 


Theorem 1 shows that £1(G) ts a commutative normed ring with convo- 
lution as multiplication. 


4. If the group G is discrete, then obviously all the one-point sets have the 
same finite measure 90 >0. Without loss of generality, we may assume 
that @ ==1 (for this can always be achieved by a suitable ‘normalization’ of 
the Haar measure on G, namely, by dividing the measure of every set by Q). 
Then the integral of the function +(g)€Z1(G) simply turns out to be the 
sum of all the values of x(g), so that L1(G) is nothing other than the space 
/4(G) of all ‘absolutely summable’ functions +(g), i.e., the complex functions 
on G that differ from zero at not more than a countable set of points and 
such that 


| 7 = 2 |e) |<. 
gEG 


The convolution of the functions x, yE/'(G) proceeds according to the 
formula 


(« * y)(g) = Dd x(g—A)y(h). 
heG 


4 With minor modifications, the proof given in § 16 that does not depend on Fubini’s 
Theorem turns out to be suitable in the general case under discussion as well. 


(G) contains the ‘3-functions,’ i.e., non-negative real functions of norm 1 
the whole integral of which is concentrated at a single point ; these are simply 
the functions 


a 1 for £ =| £o, 
€g,(g) == | 0 for 2 a Lo. 


Multiplication by e,,(g) in the ring /1(G) is equivalent to translation by go: 
Ty ,4 == « ¥* eg, for all xETK(G)., (4) 


In particular, éo(g) is the unit element of /1(G). Thus, if G is a discrete 
group, then L\(G) ts a ring with a unit element. 


3. In the case where G is a non-discrete group, all its one-point sets have 
measure 0, because otherwise its infinite compact sets (which necessarily 
exist in a non-discrete locally compact group) could not have finite measure. 
Therefore L1(G) cannot contain §-functions. For the integral of a 6-function 
taken over an arbitrary neighborhood of the point go at which this $-function 
is concentrated would have to be equal to 1; but since the set formed by 
these points has measure 0, the Haar measure being regular, there exists a 
sequence of neighborhoods of go whose measures tend to zero, and then the 
integrals over these neighborhoods of an arbitrary function of L1(G) would 
also have to tend to zero. 

In the (general) case where the group G is non-discrete, the role of the 
6-functions is taken by the ‘$-sequences’ that contract to the elements of the 
group. Let us interpret e4(g), where A is a measurable set of positive meas- 
ure, as an arbitrary function of L1(G) satisfying the conditions: 

l. ea(g)2O forall géG; 

2. ea(g)==0 forall g¢4; 

3. | CA i — 

An example of such a function is fa(g)/m(A), where fa(g) is the character- 
istic function of the set 4 of finite positive measure m(A). 


6. Derinirion 1: Let go be a fixed element of G and {U}, a fundamental 
system of neighborhoods of zero and let every UE€{U} be associated with 
the function é¢,,4u(g). We shall then say that these functions form a 
d-sequence contracting to the element go. 

As an explanation of this term we remark that if G has a countable funda- 
mental system of neighborhoods of zero {U,}, then the functions ey, +u,(g) 
actually form a sequence in the usual sense of the word. In the general case 
the set {U}, partially ordered by the inclusion relation D, is a directed set 
(i.e., for arbitrary U,, U2€{U} there exists a U3€{U} such that U,DU3 
and U2 D Us) and the functions é,,4u(g) form a generalized sequence. 


Pune Mathematical Phu: 
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As is well known, the concept of limit can be carried over immediately to 
generalized sequences (limit in the sense of Shatunovskii [54] and Moore- 
Smith [41]). In particular, a number a is called the limit of a generalized 
sequence of numbers fy whose argument U ranges over a fundamental system 
of neighborhoods of zero {U} of G if, for every ¢ >0, there exists a 
U.€{U} such that | fy —a| <e for all VE {U} contained in U,.. We shall 


use the notation lim fy —a to designate this. 
U>0 


~~ A fundamental role in the sequel will be played by the following lemma, 
which establishes a relation for non-discrete groups G that takes the place 
of formula (4). 

LemMA: Let {é,,y} be an arbitrary 3-sequence contracting to the 
element go€G. Then for every xEL1(G) 


lim || Tg, — x ¥ €9,4 |] = 0, (4’) 
U0>0 


where the limit relation (4’) is satisfied for every given xE L(G) uniformly 
for all §-sequences {€g,47} and all go€G. 

Proof: By (2’), for every € > 0 there exists a neighborhood of zero U, 
such that f+) —2(e—*) |dg <e for all hEU,. Upon making the 


substitutions g—>g+ go and h->h- go, applying Fubini’s Theorem, and 
observing that @,,+u(4-+ go) is éu(A), we obtain 
Il 7g,% — x * &g,+.0]| = 

=f | ft<@—e—*@—A egsv(h) dh| dg = 

=f | ftx@—x(e—Meg+0 (b+ 80) ah| ag = 

<f(flx@®—x@—|ag)e, (ah = 

= sup f |x(¢)—x(g—ldg Se 
hev 


for all UCU,, no matter what the element go€G and the 8-sequence 
{5,40}. VA 

As a first application of this lemma, we prove the following theorem: 

THEOREM 2: If G is non-discrete, then the ring L1(G) does not have a 
unit element. 

Proof: Let {ey} be a 5-sequence contracting to the zero element of G 


and suppose, in contradiction to the statement of the theorem, that there 
exists in L1(G) a unit element e(g) with respect to convolution. By the 
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lemma, lim lle—e % ey || =. But since e(g) is the unit element, we 
U>0 


have (e * ¢y)(g) = ey(g) for almost all g. Thus, 
lim | e(g) — ev(g) | dg =0. 
U>0 


Since all the ey(g), where UCYV, are zero outside V, this means that 


fi e(g) | dg =O and therefore fi e(g) |dg—=1, no matter what neigh- 
CV V 


borhood of zero Y is. But, by what has been shown above, in the case of 
a non-discrete group G this is impossible. / 


8. DEFINITION 2: We define the group ring V(G) of the locally compact 
group G as follows: in the case in which G is discrete, it is the ring L1(G); 
in the case in which G is non-discrete, it is L1(G) with a formally adjoined 
unit element. Thus, in the latter case, V(G) consists of the elements 
4==he-+ x, where r€L1(G), A assumes arbitrary complex values, e is the 
unit element adjoined, and || 3 || == |4| + || + |). 

By way of explanation of the term ‘group ring’ we make the following 
observations. 

The group ring of a finite group G is defined as the ring of formal poly- 


n 
nomials DF Cr&x, where gy, ranges over all elements of the group and c, are 
ket 
arbitrary complex coefficients. This definition immediately generalizes to 
the case of an arbitrary discrete group G. The group ring Rg is constructed 


in this case as follows. Its elements are all the formal sums «== )) x(g)g, 


where x(g) is an absolutely summable function on G and where the algebraic 
operations are carried out by the ordinary formal rules for the operations 
on polynomials followed by the ‘collection of like terms’; thus, in particular 
(in the case of an additive discrete group G), 


Ky= Qx(h BY Mk=D Bx y(M(A+ = L2)e. 
h &k g 
where 
ag= DD «ch yHN)=D«My(g—HD= 
htkeg h 
= 2x (g—h) y(h). (5) 


It is easy to verify that Rg, furnished with the norm 


|x] = Dlx (gl. (6) 
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satisfies all the axioms of a normed ring. It contains the group G algebra- 
ically in the form of the group of monomials lg = Hes(hyh, where 


__j 1 for h=g, 
eglh) =| 0 for hg. ”) 

However, for a non-discrete group G this definition of the group ring 1s 
unsuitable, since in its very essence it treats G as a discrete group and the 
topology existing in G is in no way taken into account. But to specify an 
element == S\r(g)g of Req is equivalent to specifying the function +x(g). 
Therefore Rg is isomorphic to the ring /4(G) of absolutely summable func- 
tions +(g) in which the norm is defined by formula (6) and in which addi- 
tion and multiplication by complex numbers are as usual and multiplication 
of elements is defined in accordance with the formula (5) as the ‘convolution’ 


(x * y)(g) = pa «(g—h)y(h). (8) 


As we have seen, the definition of the group ring in that case generalizes 
to an arbitrary locally compact group, provided x(g) is taken to be a 
measurable complex function, absolutely integrable with respect to Haar 
measure, and the sums (6) and (8) are replaced by the corresponding in- 
tegrals. Thus, the ring ’(G) is a natural generalization of the group ring 
treated in the theory of finite groups. 


§ 21. Maximal Ideals of the Group Ring 
and the Characters of a Group 


1. A connection between the maximal ideals of /(G) and the characters 
of G appears immediately when G is a discrete commutative group. 

In this case let M be a maximal ideal of Y(G) or, what is the same, the 
ring /1(G) of absolutely summable functions on G (see the end of § 20). Then 
the function of g 

M(g) =e,(M), (1) 
where 
__ J 1 for h=g, 
=| 0 for hg, 
is a multiplicative character of G. 
In fact, since @747== yg * én, we have 


M(g + h) = eg4n(M) = e,(M) e,(M) = M(g)M(h). (2) 
Further,® 


5 Because é0 is the unit element of the ring VV (G). 
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| M(g)| S| @g || == 1 and M(0)~e(M)=—1; 


hence by (2) (for h==— g), it follows that | M(g) | =1. 
Since every element x of [(G) can be represented in the form 


x=) «(g)ey, where the series converges in norm, it follows from (1) that 


x(M) = Bx (g)M(g)= Dx(gye'e”, (3) 
where X18) is the additive character of G corresponding to the multiplica- 
tive character M(g) generated by the maximal ideal M (i.e., M(g) = e *M my, 

Conversely, let y be an (additive) character of G. By assigning to every 
element +€/1(G) the number Dir(g)e™ (9) we obtain a homomorphic map- 


ping of the ring /1(G) into the field of complex numbers. Indeed, to verify 
this we only have to go over from the product of the ring elements to the 
product of the numbers corresponding to them. But 


> (2 x(g—h)y (*)) eix(9) = > (2 x(g—h) efn(a)) y(ay= 
g9 \h h\g 
= >) (2 x(g—h) Ne) eix(?) y (h) = 
hv\g 
= > x (g) e*x(g) px y(h) ett (h), 
g 


Since @9 goes over into 1, this mapping is not the null mapping. We denote 
its kernel by M,. My, is a maximal ideal of 4(G). Here 


x(M,) =D) x(g)e% (9) 
and, in particular, 


ey (M,) — e1(9), (4) 


A comparison of the formulas (1) and (4) shows that the maximal ideal 
M, generated by the character y 1n turn generates this character: 


X= Xue, 


From (3) it follows that distinct maximal ideals generate distinct charac- 
ters. For if yw, Ymu,, then, by (3), (Mi) = -+(M2) for all x€/"(G), ie, 
M, and Mz coincide. 

From (4) it follows that distinct characters generate distinct maximal 
ideals. For if M,,==My,, then, by (4), e*% (9) —.. ¢ (9) for all g€G, ie, 
X1 = X2- 

We have thus set up a one-to-one correspondence between the characters 
of the discrete commutative group G and the maximal ideals of its group ring 
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P(G), this one-to-one correspondence being such that by identification of 
the maximal ideals with the corresponding characters of the functions on 
the set of maximal ideals of /!(G) we obtain as the canonical representative 
of the element x(g)€/1(G) its Fourier transform 


x~(Q= Dd x«(g) ctr. 
g€G 


2. This is the situation in the case that is simplest from the topological 
point of view, where G is a discrete group. From now on, let us take G 
to be a non-discrete group. In that case, L1(G) forms a maximal ideal in 
the group ring /(G); we denote it by M.. Thus, 


x(M,,) ==0 for all xELMG). 


We shall show that, in basic outline, there exists a correspondence between 
the characters of G and the maximal ideals of the group ring V(G), other 
than M,,, as in the discrete case. 

The character of the discrete commutative group G corresponding to the 
maximal ideal M of its group ring /'(G) was determined by the values 
assumed on M by the 8-functions e,(h). In the group ring V(G) of the non- 
discrete group G the role of these missing 6-functions will be played by the 
5-sequences contracting to the element g of G. Although these 5-sequences 
do not tend to a limit, the values they assume on every maximal ideal M of 
V(G), as we shall show, have a limit, which, for every fixed M and variable 
g, is a character of G, and all the characters of G are obtained in this way. 


3. THEOREM 1: Let M be a maximal ideal of the ring V(G), other than 
M.. and let {@,,y} be a 8-sequence contracting to the element geG. Then 


lim é¢g,97(M)= M(g) (5) 
U>0 


exists and does not depend on the choice of the 5-sequence, and the limit 
relation (5) ts satisfied uniformly for all g€G and all 8-sequences {é,41}. 
M(g) is a multiplicative character of G. 

Proof: Since MAM,, there exists a function z€L1(G) such that 
2(M) 0. We put T,z==2,. By the lemma of the preceding section, 


| 24(M) — 2(M) eg+.0(M)|< 


<||2,—z2*egiyl|->0 for U0, (6) 
1.€,, 
2,(M) 
eg+0(M) > Foy 


uniformly for all g€G and all 5-sequences {e,,y}. Fixing 2, we see that 
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for all 3-sequences {e,,7} contracting to g there exists one and the same 
limit 
2y(M) 


M (8) = Tomy - (7) 


Fixing an arbitrary 5-sequence {€,1 7}, we see that M(g) does not depend 
on the choice of 2. 

Let us show that M(g) is a multiplicative character of G. 

First of all, M(g) is a continuous function of g. For by (7) and the 
relation (2) of § 20, 


; 21 — 2,)(M) 
|M(g’)— M(g)|=| Ke SN | = 
< l?7g' —9ll __ ll?o"-9 —? Il +0 for gg 
=" T2(M)T |2(M)| 
Further, since | eg o9(M) |S | Cgeu 1 = 1, we also have 
| M(g)| S11. (8) 
Furthermore, as follows from (7), 
M(0)=1. (9) 
It remains to show that 
M(g + h) = M(g) M(h), (10) 
because, by putting A==—-g in (10) and taking (8) and (9) into account, 
we then obtain | M(g) | =1. But if {e,,7} is a 5-sequence contracting to g 


and {147} is a 5-sequence contracting to h, then 


{eg4 yu * env] 
is a 6-sequence contracting to g-++h. Therefore 
M(g+A) = Meo en+y) (M) = 
=e eau (M) i én 47 (M) = M (g) M (A). 


This proves the theorem. / 
4. Let Nar (g) be the additive character of G corresponding to the multi- 
plicative character M(g), so that M(g) = etm We shall say that the 
maximal ideal M generates the character on 

Note: From equation (5) and the relation (6), which is true for all 
z€L1(G), it follows that 2,(M)—=e'™” 
2€Li(G), 


2(M) for an arbitrary function 
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THEOREM 2: If MMa, then for all xE€L1(G) we have the equation 


x(M)= f x(gye™™ ag, (11) 


and hence 
4(M) = Qe + x)(M)=A+ f x (gy eH ag. (12) 


Proof: Obviously, it is sufficient to prove (11) for a non-zero non- 
negative real function r€ L(G), as the linear combinations of such functions 
fill out L(G) and hence are dense in L1(G). By Theorem 1, for every ¢ > 0 
there exists a neighborhood of zero U such that 


legs u(M)—e |< (13) 


for all g€G and all functions e,;y. Since the support D of the function 
x(g) is a compact set with interior points, it can be decomposed into a 
finite number of pairwise disjoint measurable subsets D, with interior points 
‘small compared with U,’ i.e., such that g.—gn’€U for all gn, gn’ EDn. 
Let +,(g) == +«(g)fn(g), where f,(g) is the characteristic function of the set 


D,, so that +(g) =) xa(g). We put ya(g) = +a(g)/ f *(g)dg. Since yn(g) 
is €n4u(g) for every hE Dp, we obtain, taking (13) into account, 


ty 4, (9) 
Xn (M)— f xn (g)e"™ dg| = 


=|yn(M— f yn(gye™ agl f x, (@) dg = 
=| fly.(m—e™™'] y, (e) del f ne de < 


= sup | yg (M) — ete], f * (ghdgSe f %n (g) ag. 


and consequently 
[e(m— [x(q et Mag | ss d(x (M)— [xn (g) Pe aed ‘dg) E 


Se) f xnlg)dg = ef x(e) ag. 


Since € is arbitrary, this implies equation (11). / 


CoroLLtary: Distinct maximal ideals generate distinct characters. 


For if xa, =Xw,, then by (12), 3(M1) = 3(Mz2) for all 36 /(G), and hence 
M, and M»2 coincide. / 
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THEOREM 3: Let y be a character of the group G. Then 


Mex r+ f x(g) et dg (14). 


1s.a homomorphic mapping of the group ring V(G) into the field of complex 
numbers. The maximal ideal M, that 1s the kernel of this mapping 1s 
different from M q. 


Proof: The linearity of the mapping (14) is obvious and we only have to 
verify that it is multiplicative, i.e., that the product of elements of the group 
ring corresponds to the product of the numbers associated with them. 
We introduce the notation 


(e+ x)” (QV = A+ f x (g) eX ag. 
Applying Fubini’s Theorem, we obtain 
(x*~O= f(f x@—A yp dh) eX) dg = 
=f (f «@—mer ag) y(t) dh= 
=f (f «@—m e%o-™ dg) y () dh = 
= [ x(g) eto dg fy (hye dh = x~ (x) y (—. 
Hence it follows immediately that 


(i *%) W=3 WK W/O 


for arbitrary 31, 32€V(G). Thus, the first statement of the theorem is 
proved. For the proof of the second statement, we take an arbitrary func- 
tion x€L1(G) for which x#(g)dg0. Then +«(g)e—*™ is not contained 
in M, because 


fx@eao - ett (9) dg= { x(g) dg 0. 


Since, on the other hand x(g)e—*“ €M., this implies that My ~M. 7 

Obviously, +~(y) = +*(M,) for every function rE L(G). / 

We shall say that the character y generates the maximal ideal My. 
Theorem 2 shows that a maximal ideal generates the character generating it: 
M=M Xa 

THEOREM 4: A character is generated by the maximal ideal that 1t gen- 
erates: ¥=Xy_- 

x 
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Proof: By the preceding theorem, there exists in L1(G) a function not 
contained in M,. Let 2(g) be such a function, i.e., ~(y) 40. We have 


27 (Q= f 2(h—gyet dh = et [ 2(h—g) exo dh _ 


— pix (9) f z(h) eit) dh = ett (927 (x); 


and hence 


Note: Inthe proof of Theorem 3 we have only used the measurability of 
the character y. Therefore Theorem 4 shows that the measurability of a 
character y implies its continuity. 

From Theorem 4 we obtain the following corollary. 

CoroLLaRy: Distinct characters generate distinct maximal ideals. 

For if M,, coincides with M,,, then X, = Xm, coincides with X_ = Xm, WA 


5. Theorems 1-4 establish the canonical one-to-one correspondence between 
the characters of a group G and the maximal ideals of its group ring V(G), 
other than M,. At the same time, these theorems show that by identifying 
a character y with the corresponding maximal ideal M, we can regard the 
Fourier transform 


f Xx (g) e*t (9) dg 


of the absolutely integrable function x(g) as its canonical representation in 
the form of a function on the set of maximal ideals of the group ring: 


x~ (y= f x (g) eX (0) dg = x (M,). 


This new treatment of the Fourier transform will lie at the basis of the 
development of harmonic analysis on locally compact commutative groups. 


§ 22. The Uniqueness Theorem for the Fourier Transform 
and the Abundance of the Set of Characters 


1. In view of the connection, established above, between the characters of 
a locally compact commutative group and the maximal ideals of its group 
ring, it is natural to expect that there is also a connection between the ques- 
tion as to the existence of a sufficiently large set of characters in such a 
group and the question as to the existence of a sufficiently large set of 
maximal ideals in its group ring. 
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Every communtative group has at least one character: y(g)=0. We 
shall say that a commutative group G has an abundant set of characters 
if for each of its elements go, different from zero, there exists a character Yo 
such that yo(go) 40. Similarly, we could say that a commutative normed 
ring R has an abundant set of maximal ideals if for every element xo€ER, 
different from zero, there exists a maximal ideal Mg such that x9(Mo) 0. 
But this is none other than the statement that FR is a ring without radical. 
In the present section we shall prove this statement for the group ring (GC). 
By the results obtained in the preceding section this will also prove the 
uniqueness theorem for the Fourier transform of an absolutely integrable 
function. Hence we shall derive as a corollary that the groups in question 
have an abundant set of characters. 

The operation 


4==he-+ x(g) > e+ x(—g)=3" (1) 


satisfies the conditions a)-c) of Definition 1 of § 8 and hence is an involution 
in the ring V(G). In order to show that ’(G) is a ring without radical it is 
therefore sufficient, by Theorem 4 of §8, to show that this involution is 
essential, i.e., that for every non-zero 3€/(G) there exists a positive linear 
functional f on /(G) such that f(3 * 3*) 0. But first we give three 
lemmas. 


2. Lemma 1: The convolution 2% x of the function +E€L1(G) with an 
arbitrary bounded measurable function 2 exists everywhere and 1s bounded 
and uniformly continuous. 

Proof: Let |2(g)|==C. The existence of (¢ * ¥)(g) for all gE€G is 
obvious. Further, 


2x x)(@)|=| f 2@—" x (ah| <C lel, 


1.e., 2% x is bounded. Finally, when we make the substitution k > k + h, 
we obtain 


(2¥x)(@+h)= f z(gt+h—h) x(k) dk= 
= f 2(¢—h)x(k+ dk, 


and hence 


(2 x)(g+h)—(2¥ x)(g)| = 
=|fz@—Hxh+)—x (0) ak| = 


<=C f|x(htA—x(&)| ak, 
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so that (¢ * x)(g) is uniformly continuous, because the right-hand side does 
not depend on g and tends to zero for h—> 0 (see § 20.2, (2) and (2’)). # 


Lemma 2: If u(h) and v(h) €L?(G), then the convolution v* *% u exists 
everywhere and is bounded and uniformly continuous. 


Proof: By the invariance of the integral, for every fixed g€G we also 
have T,v(h) =v(—- g + h)€L?(G). Therefore 


(vx u)(g)= f oH ga) a(h) dh 


exists for all g€G and is equal to (u, Tv), where (f, g) denotes the scalar 
product of the functions f, g€L7(G). Hence 


| (o* * 4)(g)| =ll4]lel|7,2]]2.= ll llell elle (2) 
so that (v* * u)(g) is bounded. And further, 


| (o* * 4) (g + A) —(v* * 4) (g)| = 1 (4, (Tot+n— Ty) ¥)| S 
=[4llell(7g4n—T,) Olle =l4llell 7,9 — vlle. 


so that (v* *% u)(g) is uniformly continuous, because 1 T,v—v ll does not 
depend on g and tends to zero for h— 0 (see § 20.2, (2) and (2’)). # 


Lemma 3: The convolution (u %* x)(h) of any two functions u€L?(G) 
and x€L1(G) exists for almost all he G and belongs to L?(G). 


Proof: Lemma 2 implies the existence of the integral 
f (o* % w)(—2)x(e)dg; 
and by means of the substitution h— —g-+h we obtain 
f@wx ae x@dg=f(fe@Fumah) xe) dg = 
= f(fecetne® an) xe dg. 
Applying Fubini’s Theorem, we conclude that then the integral 
facetAx(g) dg =u *x)(h) 
exists for almost all hE G and 


fox a(—g)x@)dg= f uxx)o@ ah. 


Since 
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| for) (— 2) x @) ag | = sup (ox) (—g)|- ll 


we obtain, by applying the inequality (2), 
| f (a «29 0% ae| < Jf fallallolle. (3) 


Since this is true for every v€ L7(G), we conclude on the basis of a well- 
known property of Hilbert spaces that u *% xE€L?(G). / 


Note: The inequality (3) also shows that 
]exxlle Siri ile. 


3. We shall now indicate a simple method of constructing positive linear 
functionals on (CG). 
THEOREM 1: Let u(h) be an arbitrary non-zero element of L*(G) and 


e(g)= f ugh) a(h) dh. (4) 


Then the expression 
Jy (8) = Jy e+ x) = 19 (0) + f o(—g) xe) dg (5) 


1s a non-zero positive linear functional on V(G). 
Proof: Upon making the substitution h——g-+h in (4), we see that 


9 (g) = (u" x 4) (2). 


Thus, by Lemma 2, @(g) exists for all g€G and is continuous; furthermore, 
by (4) and (2), 


le(g)| S lallz =¢ (0). (2’) 
This shows that 


| J, (8) | S(O) lal 


and hence that J»(3) is a linear functional on V(G). Since 
9 (0) = lJull2 > 0, (6) 


this functional is non-zero (not only on V(G), but even on L1(G)). Replac- 
ing g by —-g in (4) and making the substitution h— g + h, we now obtain 


e(—e)= fu(—gt+mha@an= fu(ugtPhan, 


9 (— g) = 9 (8). (7) 
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From the invariance of the integral under reflection and the equation (7) 
it follows that 


Jy B= 9 (0) + f e— 2) xe ag= 
= he (O)+ f oe) x(e) ag, 


G)=F@: 6) 


Now let x be an arbitrary function of L1(G). By the properties of associa- 
tivity and commutativity of the convolution® and the property of the invo- 
lution «* % u* = (u * x)*, we have 


(u* % u) x(x % x*) = (“Ux XX (UX), 


( (a % 2) x (x ¥ x")) (g) = ( (4 ¥ x)" ¥ (4 ¥ x) ) (8) (9) 


for almost all g€G. But the function (u* *% u) * (4 *% x*) 1s continuous 
by the Lemmas 2 and 1, and the function (u * x)* % (u * x) is continuous 
by the Lemmas 3 and 2. Consequently equation (9) holds for all geéG 
without exception, and in particular for g=-0. Since in this case 


((u* % 4) % (x % x*)) (0) = J, (x * x") 
and 
((a* x) x (ux x)) (0) = f | (ax x) (A) Pah, 


we conclude that 


Jo(x x") = f |(ux x) (h) Pah, (10) 
and hence 
Jy(x % x*) 20 for all +ELi(G). 


Thus, Jo(4 *% y*) 20 for y+. Here Jo(x *% y*) is linear in x and 
‘semi-linear’ in y.". Hence Jo(* * y*) has the properties of a scalar product, 
from which the inequality 


| Jy (xe * Y") | Sg (KX % x") I, * Y") 


6In order to establish these properties in the proof of Theorem 1 of § 16, we have 
made use only of the existence of the corresponding integrals and none whatever of 
the fact that all the functions in question belong to the space L’. 


7 T.e., J (* Ke (Ay; +- HY2) ) = Ng (x * yi) + i, (x ava ¥;) ‘ 
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can be derived in the usual way. On fixing x, putting y==ey*, where 
{ey} is a -sequence contracting to the zero element of G, and passing to the 
limit U +0, we obtain the inequality 


| Jp (x)? S 9 (0) Jy (x ¥ x"). (11) 
This inequality can be extended to arbitrary elements of V(G), ice., 
| J, (8) |? S oO) Jy & ¥ 3") (12) 
for all3—=Ae+ x€V(G). For, by (8) and (11), 
(Je (3) PR == | A (0) + J, (x) P= 
= Mg? (0) + Ap (0) Jn (x) + Ae (0) Jp (x) +14, (~) P? S 


= Ng?) + dep (0) Jy (x) + Xe (0) Jy (x) FE (0) Jo (4  x*) = 
= 9 (0) Jy ( (Re +x) * Qe x)*) = 9 (0) Jp G¥ 8°). 


Taking (6) into account, we conclude from (12) that Jo(3 * 3*) 20. JH 


3. THEOREM 2: The involution (1) in V(G) ts essential. 

Proof: Let 3—=Ae+ x. Since Ma(3 * 3*) == |A|? =O, the linear func- 
tional M..(3) =A is positive; moreover M,.(3 * 3*) > 0, whenever i > 0. 
Thus, it remains to discuss the case where 3 = +(g), with | x | >0. But if 
f(x * x*) =0 for every positive linear functional f and, in particular, every 
functional (5), then it follows from (10) that u * «=O for all uE L(G). 
Taking u=ey, where {ey} (€L1?(G)) is a 8-sequence contracting to the 
zero element of G, we conclude from the lemma of § 20 that 


x—limey * «—0O, 
U>0 


contrary to assumption. / 
From Theorem 4 of §8 we derive immediately Theorem 3: 
THEOREM 3: V(G) is a ring without radical. 


As we have already indicated, Theorem 3 is nothing other than the 
Uniqueness Theorem : 


UNIQUENESS THEOREM: I[f x, yE L(G) and 
fx (g) eX 9) dg = f y (g) et @ dg 


for all characters y of G, then x(g) and y(g) coincide for almost all gEG. 


For, to say that in a commutative normed ring there are no generalized 
nilpotent elements other than zero is the same as saying that every element 
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of the ring is completely determined by the values that it assumes on the 
maximal ideals. 

THEOREM 4: A commutative locally compact group G has an abundant 
set of characters. 

Proof: Let go be an arbitrary element of G, other than zero. We have 
to show that there exists a character ¥o such that e*%o(%) ~1. Since go 0, 
there exists a neighborhood of zero U with a compact closure so small that 
U and U-+ go do not intersect. Let f(g) be the characteristic function of 
the set U. Then T, f(g)=f(g—go) is the characteristic function of the 
set U + go and | T,,f —f | = 2|| f | >0. Thus, by Theorem 3, T,,f—f 
is not a generalized nilpotent element, i.e., there exists a maximal ideal Mo 
such that 

(Tyf —f)(Mo) = (Togf)(Mo) — f(Mo) #0, 
or 


(T of) (Mo) Af(Mo). (13) 


Obviously Mp M., because (7, f)(Mao) = f(Ma.)==0. By the remark 
following Theorem 1 of § 21, the inequality (13) can be written in the form 


Mo (80) f (Mo) AF (Mo). 


Hence it follows, first of all, that {(1/) 40; cancelling out f(Mo) and letting 
Xo denote the character generated, in accordance with Theorem 1 of § 21, 
by the maximal ideal Mo, we obtain 


e*Xo (9) — My (go) <1, 
and the theorem is proved. / 


§ 23. The Group of Characters 


I. If y,; and y2 are two (additive) characters of the commutative topo- 
logical group G, then their difference 


(X1 — Xe) (gz) = x1 (g) — xo(g) (mod 22) (1) 


is also a character of the group. Hence the set X of all characters of G is in 
turn a group. Following Pontrjagin,® we can topologize this group by taking 
the collection of sets of the form 


{yEX: | ett (9) — etro (9) | <8] for all géeFy, (2) 
8L. S. Pontrjagin, Topologische Gruppen [translated from the 2nd Russian edition], 


Teil 2, Leipzig, 1958, p. 7, Definition 36. (See also Pontrjagin, Topological Groups, 
Princeton, 1939, p. 127, Definition 34, which is slightly less general.) 
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where F are ali possible compact sets of G and 6 are arbitrary positive 
numbers, as a fundamental system of neighborhoods of the character xo. 
It is easy to verify that the group operation (1) is continuous in the topology 
defined by the neighborhoods (2), so that X furnished with this topology is 
a topological group. We call it the group of characters of G. 

Now let G be a locally compact commutative group. In § 21 we estab- 
lished a canonical one-to-one correspondence between the characters of G 
and the maximal ideals of its group ring V(G), other than M,. By identi- 
fying the characters with the corresponding maximal ideals we can introduce 
into the set X of characters of G a topology induced from the space Yt of 
maximal ideals of Y(G). In this topology a fundamental system of neigh- 
borhoods of the character yo is formed by the sets of the form 


{xEX: | f xg) lee —ew dg|<e (k=1,..., m}, 3) 


where 41, ..., ¥, ate all the possible finite sets of functions of L1(G) and 
the « are arbitrary positive numbers. Moreover, X, obtained from St by 
removal of the single point M,.,, is a locally compact space. 
2. The question naturally arises: what is the connection between the Pontr- 
jagin topology of the group X defined by the neighborhoods (2) and the 
‘ring’ topology defined by the neighborhoods (3)? We shall show that 
these two topologies coincide. 

THEOREM 1: The group ring V(G) of a locally compact commutatwwe 
group G, furnished with the involution 


p= e+ x (g) > he+ x (— 2 = 9%, 
1s symmetric. 
Proof: 3*(M.,)=A=3(M.); but if MAM.,, then by Theorem Z of 
§ 21, by the invariance of the integral under reflection, and by the equation 
¥u(— g) =— Yu(g) (mod 2x), we have 


*(M) =X f x (ge dg = 
Hi+ [GIT ag 50.7 


LemMaA 1: For every fixed g€G e* is a continuous function of ¥ in 
the ring topology defined by the neighborhoods (3). 


Proof: Let M be the maximal ideal corresponding to the character y. 
Then by formula (7) of § 21, 
29 (M) 
z(M) ’ 


(4) 


ex (9) — 
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where 2€L1(G), 2(M) 40, and z,==T,z. But the expression on the right- 
hand side is a continuous function of M on Yt. Consequently e*% in the 
topology in X induced by Pt is a continuous function of y. / 

Lemma 2: Every set K of characters having a compact closure K in the 
ring topology defined by the neighborhoods (3) is uniformly equicontinuous, 
1.€., for every & >O there exists a neighborhood U of the zero element of G 


such that 
| ef @+a)— ett M)| << fg 


for all yEK, geUu, hea. 
Proof: By the formula (4), 


| ett (4+g)— ett (2) | = | et (g) — J | = 
_| 2g(M)—2(M) | _ Tz — 2 
=I" aay |= Tap 


Since M,,¢K and since, by Theorem 1, the ring V(G) is symmetric, we 
know by part 4 of the proof of Theorem 1’ of § 7 that there exists a function 
p(M) that is continuous on Mt and equal to 1 on K and to 0 in M,, and also 
an element 3—dAe + x*€V(G) such that 


| p(M) —3(4) | < 1/4 for all Mem. 
Taking M = M, here, we obtain |A| < 1/4, and hence 
| p(M) —#(M) | < 1/2 for all MEM. 


This shows that | #(1/) | > 1/2 for all “EK. Upon taking this function x 
for our 2 in (5), we obtain 


| ef +9) — et M) |S 2|| Tye — x || forall y€K and heG, 


and the statement of the lemma follows from the formulas (2) and (2’) 
of §20. / 


3. THEOREM 2: The ring topology in X defined by the neighborhoods (3) 
coincides unth the Pontrjagin topology defined by the neighborhoods (2). 


Proof: Since the translation y—> y— yo carries every neighborhood of 
the form (2) or (3) of the character yo into a neighborhood of the same form 
of the null character, it is sufficient to confine ourselves to the case where 
Yo = 0. 

1. Every given neighborhood of the form (2) contains a neighborhood of 
the form (3). 

For since, by Lemma 1, e**®) is a continuous function of y in the ring 
topology for every h and e*() —1 for y=0, there exists, for every hEG, 
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a neighborhood V; of the zero element of X of the form (3) such that 
| ee) —1| < 8/2 for all y€V,. Here we may assume, since the space X 
is locally compact in the ring topology, that V, has a compact closure in X. 
But then, by Lemma 2Z, there exists a neighborhood U, of the zero element 
of G such that | e*@) —e*® | < 8/2 and consequently | e*(@)—1| <8 
for all g¢U,+ hand yEV;. Looe since F is compact, eS exist elements 


hy, ..., hn €G such that FC U) (Ui, + hx). But then V = n V,,, is a neigh- 
k=1 ket 
borhood (3) contained in the neighborhood (2) in question. 
2. Every given neighborhood of the form (3) contains a neighborhood 
of the form (2). 
For from the regularity of the Haar measure there follows the existence 
of a compact set F CG such that 


flee) <e/4 (k—=1,...,n). 


The neighborhood (2) with these F and 8=e/(2 max | Ea \[) ) is con- 


i<k< 
tained in the neighborhood (3) in question. Indeed, or every y of this 
neighborhood (3) we have 


| f =e) ero dg— f x4(@)ag| < 
< f\et@—1\|y@ldg <2 fIm@lde+ 
CF 
+ || xxl max | eX — 1] <> + [lal] 3S ¢ (A==1,..., 2). 


This completes the proof of the theorem. / 


Corollary: The set X of characters of a locally compact commutative 
group G, furnished with the ring topology or, what is the same, the Pontr- 
jagin topology, 1s a locally compact group. 


§ 24. The Invariant Integral on the Group of Characters 


1. Since the group X is locally compact, there is a Haar measure on it in 
turn. Therefore, in the same way as we have constructed the group of 
characters X of G, we can construct the group of characters G* of X. Now, 
there is a natural embedding of G in G*. In order to see this, we observe 
that every element g of the original group G generates a character of X, 
namely g(¥)—=vy(g), where g is fixed and y variable. First of all, g(x) is 
real and uniquely determined modulo 2x; further, by the definition of the 
group operation in X, 
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8(X1 — X2) = (X¥1 — X2)(g) = 


= 41(g) — X2(g) = 8(%1) — 8 (Xe) (mod 27) ; 


finally, by Lemma 1 of § 23, g(x) is a continuous function of xy. We note 
that distinct elements of G generate distinct characters of X, since for every 
pair of distinct elements g, h of G there exists a character Yo such that 
eto (9) ett (%) , i.e., g(¥0) h(yxo) (mod 2x) (abundance of the set of char- 
acters: Theorem 4 of § 22). Thus, the elements of G can be identified with 
the characters of X that they generate, and then G is contained algebraically 
in G*, One of the most important propositions of Pontrjagin’s theory of 
characters is the ‘duality law,’ which states that under the indicated identi- 
fication G coincides with G* both as regards its set of elements and its 
topology. The following investigations have an important connection with 
the proof of this Pontrjagin duality law within the context of the theory 
to be expounded (the proof itself will be given in § 26). 

This proof will be based on the close connection between the Haar meas- 
ures or, what is the same, the invariant integrals on the groups X and G. 
Of course, the existence of an invariant integral on X follows from the fact 
that the group is locally compact. But the construction of Haar-Weil that 
establishes this existence cannot yield anything of value towards our goal. 
We shall establish the connection between the invariant integrals on X and 
on G by the actual construction of an invariant integral on X from the 
given invariant integral on G. This will be done in the present section. 


*2. In establishing this construction we shall start out from the idea that 
a connection between the invariant integrals on X and on G 1s included in 
the inversion formulas for Fourier transforms. That is, in analogy to what 
holds when G is the additive topological group of real numbers, we may 
expect that the Fourier transform 


p~ (x) =J p(g) exp (ix(g))dg 


of every function @ of the form u*%u, where u€L+?(G), which is equal to 


2 
’ 


| J u(g) exp (ix(g))dg 


is an absolutely integrable function on X and that for a suitable normalization 
of the Haar measure on X we have the inversion formula 


a= J ~(x) exp (—igty)) dx. 
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Then, in particular, 
00) = f o~ Wax, (1) 
x 


But on the left-hand side of the latter (hypothetical) equation there is a value 
of the function given on the original group G. This enables us to take the 
formula (1) as the definition of the integral of the functions m~(y) in ques- 
tion and as the starting point for the extension of the integration to con- 
tinuous finite functions, after which the construction of the whole class of 
integrable functions on X runs along the same lines as the standard theory. 

This was precisely the way in which Krein[28] first achieved the con- 
struction of the invariant integral on X from the given invariant integral 
on G. Inthe paper by Raikov [43], the formula (1) served as the starting 
point for a direct construction of a Haar measure on X from the invariant 
integral on G. However, this direct method of constructing the invariant 
integral of a Haar measure on X proved to be technically rather complicated. 
This is mainly due to the fact that the functional 


I(x~) = +(0), 


whose value for +==q@ appears on the left-hand side of (1) is not defined 
for all the elements +€L1(G). 

Here we shall present another, technically much simpler, method which 
consists in replacing the direct discussion of the functional J by the discussion 
of the ‘regularizing’ functionals 


Io (8~) = Sq (8) = (9 % 8) (0) = (98), 


that are defined for all possible functions m of the form u*%u, where 
u€L2(G). Every such functional is also defined for all 3€ V(G), and since, 
by Theorem 1 of § 22, J»(3) is positive, Zp(3~) extends uniquely to all of 
C(Mt) with preservation of positivity. This makes it possible, for every 
continuous function h(y) on X that tends to a finite limit for y > /., to take 


I(p~h) =Ig(h). 


Now if f(y) is an arbitrary continuous finite function on X and A its (com- 
pact) support, then by choosing @ so that m~(x) is different from zero on all 
of A (which, as we have seen, is always possible), and by taking 


f(y) h ms 0 
h(y) = § 9~ OOD’ WHEE Oo 

when p~(x) =90, 
we obtain 


I(f) =TI9(f/@~). 
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This formula will be taken below as the starting point for the construction 
of the invariant integration on X. 


3. In carrying out the proofs, we shall usually identify the characters of G 
with the corresponding maximal ideals of its group ring V(G) and so regard 
X as part of the space Nt of maximal ideals of that ring. Since X is obtained 
from Yt by the removal of the single point M,, every continuous function 
h(M) on Mt is uniquely defined by its restriction h(x) to X, and we shall not 
distinguish between the functions h(M) and h(y). However, in the case of 
functions 3(1/), where 3€V(G), we shall write 4~(y) or 3~, as before, 
instead of 3(y). 

We denote by P the set of all functions @ of the form u*%u, where 
u€L-?(G), so that if pEP, then 


p~ (x) = |u~(x) |? 2O for all yveEX., 


LemMaA: For every compact set ACX there exists a function pEP such 
that ~~(y) > O for all points YEA. 

Proof: By Lemma 2 of § 23, there exists a neighborhood V of the zero 
element of G such that 


}ex)—1|<1/2 forall yeA and geV. (2) 


We choose a neighborhood U of the zero element of G satisfying the condi- 
tion U—UCYV and put p= ey* Key, where ey€ L12(G) (and where it has 
the meaning given in the definition of § 20.5), so that mE P. It is easy to see 
that m = ey, and therefore 


e~(O = f eget @dgsi+ fe@ lex — lag, 
V V 


and hence, by (2), | p~(y)—1]!<1/2 for all yEA. Consequently, 
p~(¥) =| @~() | > 1/2 for all points yeA. / 
4. For every p€P and every 3==Ae+ x+EV(G) we now put 


Jo@)=9 (O) + f o(—A) x(t) ah. 


According to Theorem 1 of § 22, Jy is a positive linear functional on V(G). 
But V(G) is symmetric, by Theorem 1 of §23. Therefore, according to 
Theorem 5 of § 8, Jp generates a positive linear functional Jy on the space 
V(G) of functions 3(/) defined by the equation 


Je (3(M)) = Jeg), 
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where J» extends uniquely to a positive linear functional on the whole of 
C(M). We shall denote this extended functional by J, and, in accordance 
with the convention made above, we shall regard it also as a functional on 
the space of functions h(y) that are the restrictions to X of the functions 
h(M)eC(M). Thus, in particular, for every 3==Ae+ x€V(G) we have 


1, (3~) = (0) + f ¢(—A) x (h) dh = (g *9) (0). (3) 
In addition, let peP. By (3), we then have 
In -Y~) = (9 #3 YO =N,G79~). (4) 


Since Ip(g3~~) and [,(3~@~) are continuous functionals of g~ or, what is 
the same, of 3(M) and since the set of functions 3(M) is dense in C(M), we 
conclude from (4) that 


1, (hv~) = 1, (he~ 5 
for every hE C(M). eae o 


In accordance with the notation of § 20, we shall understand L(X) to 
mean the set of all continuous finite functions on X, i.e., the set of con- 
tinuous functions f(x) with a compact support A;.® For every function 
fEL(X) we denote by P; the set of those p€P for which m~(x) > 0 for all 
points EA; P;yisnot empty. For if f(y) =0, then A; is empty and P; =P; 
but if f(y) #40, then A; is a non-empty compact set and, by the lemma proved 
above, P; is not empty. 

By taking, in (5), m, we P; and 


f(Y 
h(x) =) & OOF OOD for XE A, 
0 for 1¢ Ay, 
we obtain 
fe ny ae ee 
Ie (=) =14(¥). 2 


For every function of L(X) we now put 
1=1(£)  (@€Pp. (7) 


By equation (6), /(f) is a uniquely defined functional on L(X). 
We denote by L,(X) the set of all non-negative real functions in L(X). 


9 We recall that the support of a function is the closure of the set of those points at 
which it has a non-zero value. 
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In accordance with the notation of § 20, T, for every fixed §€X will mean 
the operator of translation by € defined by the equation 7; f(x) = f(xy —6§). 


5. THEOREM 1: The functional I(f) defined on L(X) by the formula (7) 
is an invariant integral on X, i.e., 

1. I(f) depends linearly on f; 
2. I(f(x—&)) =I (f(x)) for every fixed EEX; 
3. I(f) 20 of FEL (X); 
4. I(f) > 0 if FEL, (X) and f(x) 40. 

Proof: 1. Let fi,fe€L(X) and let Ay, Ag be arbitrary complex numbers. 
Since A;, UA;, is compact, by the lemma there exists a function p€P such 
that p~(x) > O for all points ye A;, UA;,. Then 


GE Pitarta NP, 1 Py,. 


and therefore 
TOhi + rofe) = Ig (ae sh) or 
= nl} rui(B2)=iv-aI09 


2. Let 3=-Ae+4rEV(G) and §€X. We put je he + ce F(A x(g). 
Then 


ae QD == A+ ff x (g) ef -Do dg =A4 x~(y¥—)) = 
= 3~ X— 9) = Tea OO- 
But if m(g)€P, then we also have p, (8) — ¢~*W@(g) EP, because, as is 
easy to verify, 
(u* ¥ 4), =u, * UB, 
for all E€X and uEL1(G). Therefore 
1, (3~) =) (0) + f ¢(—g) +(e) dg = 
= 9,0) + f %(—g) x(g) de = Iq, G7) = Ie, (TA”)- 
Since V (G) is dense in C(t), we conclude from this that 
Ig(h)=1y,(Tyt) for all §=— hE C(M). 


Now let fEL(X). Taking m€P; and hence 7, € Pas, we obtain 


r= n( Ln (rZ)=n(Z)=10 
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3. If fel ,(X) and meP; then f/p~ €L,(X), and since Ig is a positive 
functional, [(f) =IJ(f/@~) = 0. 

4. For the proof of the last statement of the theorem it is sufficient to 
establish the existence of at least one function fo€ L4(X) for which J(fo) > 0. 
Indeed, if f€£,(X) and f(x) #0, then there exists an open set vC X such 
that f(y) >a>O0 for all yEV and points y1, ..., yx€X such that 

nr 


A, UV’ + ¥;,). Putting ae fo(x), we then obtain 


k=1 


n 
2 Vii u) 2 foly) forall xX, 
k=l 


and therefore, by the properties of the functional J already proved, 
b bX 
Zufp=! E 3 /—a) = (fo), 
k= 


and hence I(f) > 0. 
Suppose now that w€L'?(G) and u(g) 20 for all g€G and | u | = 


fuledg >£0. Suppose further that p = u* * u, so that pEP and m~ (x) 20 


and m~(y) +0, because m~(0) = | u |? >0. We put c—ZI,(g~). By 
what we have established in the proof of Theorem 1 of § 22, p(g) is continu- 


ous, p(— g) — Q(g), and @(0) > 0, and we therefore have 


c= f o(—aeedg = fle(e)Pdg>0. 
Let a denote the smaller of the (positive) numbers mas @m~(x) and c/@(0) 
x 


and let A be the set of those MEM for which p(M) = 2a/3 and B the set 
of those MeEM for which g(M) =a/3. A and B are not empty and are 
closed, by the continuity of the function g(M/), and ACM\ B. By what 
has been shown under 5. in the proof of Theorem 1’ of §7, there exists a 
function hEC(M) such that h(M)—1 on A, h(M)=—O on B, and 
O=h(M) =1 on the entire space Yt. We have 


c=1,(9~) = 1, (te~) +1, (C1 — 4) 97). 
But since [1—h(M)]q(M) < 20/3 for all MEM, 
I,((1— A) @~) <I, ($a) =F ag (0) <o. 


Therefore Jy(hp~) >0. And now, the function fo(y) = h(x) [p~ (x) ]? has 
the required properties. For since m(M,)—0O and M&\_B is the closed 


§ 25. INVERSION FoRMULAS FoR FoURIER TRANSFORM 151 


set of all points at which p(M/) = a/3, M\_ B is a compact set in X; and 
since A;,CA,CR\B and p~(xy) >0 on M\ B, we conclude that 
fo€EL,(X) and peP;,. But then 


(fy) = 1y(2 ) = 1, (97) > 0. 


This completes the proof of the theorem. / 


6. The integral /(f) generates a completely additive measure p in a stand- 
ard way on the field of Borel sets of the space X, where for a compact set 
ACX we have w(A) = inf /(f) over all f€L,(X) for which f(y) > 1 on A, 
so that u(A) < oo, and for an open set OC X we have u(O) = sup/(f) over 
all fe, (X) for which f(y) = fo(y), where fo is the characteristic function 
of the set O, from which it follows easily on the basis of 4. of Theorem 1 
that u(O) > 0. The invariance of /(f) implies that this measure is invariant 
and hence that it coincides with a suitably normalized Haar measure on X.} 


Moreover, for all f€ L(X) we have /(f) = f f(x)dx, where the integral on 
the right-hand side is defined by this measure and the completion of L(X) 
in the norm | f = f | f(x) | dy coincides with the space L1(X) of all 


absolutely integrable functions on X with respect to the Haar measure 
(which are defined to within the values on sets of measure 0). 


§ 25. Inversion Formulas for the Fourier Transform 


1. The main object of the present section is the proof of the fundamental 
proposition of harmonic analysis, the Theorem of Plancherel. The Theorem 
of Plancherel extends the concept of a Fourier transform to all measurable 
square-integrable functions and establishes that this transform is an 1so- 
metric isomorphic mapping of the space L?(G) onto the space L?(X); the 
inverse is given here by the ‘conjugate’ Fourier transform, in which every 
character e*(9) of G is replaced by the conjugate character e—'9™ of X. 
The proof of this theorem will be based on the inversion formula for the 
Fourier transform of the functions of the class P introduced in the preced- 
ing section, that is, of the functions on G that can be represented in the form 


(u* %u)(g) = f u(g + h)u(h)dh, where u€L1-2(G). 
As in the preceding section, we denote by A; the support of the function 
f(y), 1.e., the closure of the set of those points ¥€ X at which f(y) 40, and by 


1 It is uniquely determined by the properties just mentioned apart from an arbitrary 
constant factor (see [73], [42], or [48]). 
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P; the set of those functions m€P for which m~(y) = f p(g)e*Mdg > 0 
for all points y€ Ay. 
2. Tueorem 1: If o€P,ie., o(g) = f u(g + h)u(h)dh, where u€ L(G), 
then 

e~ () = f (eg) ee @ dg EL (X) 
and 


9 (g)= f er (eX dy. 


Proof: For @(g) =0, the statement is trivial. Suppose that p(g) 0. 
Then by the uniqueness theorem for the Fourier transform (§ 22), we also 
have m~(y) #0. Since p~(y) =| u~(y) |? 20, we have 


¢== max p~(x) > 0. 
LEX 


Let C, be the set of those MEM for which p(M) = c/n and D, the set of 
those MEM for which p(M) Sc/(n+ 1) (n=1, 2,...). The sets C, and 
D, are not empty and they are disjoint and closed. Therefore, by 5. of the 
proof of Theorem I’ of §7, there exists a function h,€C(Pt) such that 
ha(M) =1 on C,, h,(M) =0 on D,, and 0O=h,(M) =1 on the entire 
space Mt. Since p~(y) =c/(n +1) on CD,, and o(M..) =0, we have 
CD,CX. But An, CCDp ; consequently h,€ L(X) and m~ EPy,, so that 


fn 00 97 GO dx =! ing) = Ty tn) SEY = 90). (1) 


Since the functions h,(y)@~(y) form a monotonic increasing sequence tend- 
ing to m~(x) on the whole of X, it follows from (1) that m~ € L1(X) and that 


fo~ Wax S 90). (2) 


Suppose that also wEP, ie. p=v**¥v, where vELlh2(G). Since 
hnp~ €LCX) and PEP yr, we have, taking formula (5) of § 24 into 


account, 
fF ten 0 2~ CO 9~ G0 by = 1 (len ~Y~) = Tg en") Tyne). (3) 


But h,p~~w~ and h,@~ tend monotonically to p~w~ and @~, respectively, 
for n— oo. Taking into account that the functionals J and /» are positive 
and passing to the limit > o in (3), we therefore conclude that 


fe- Wer Waxr=h(e~) = fe @d@ae. (4) 
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Since @(g) is continuous, for every € > 0 there exists a neighborhood V 
of the zero element of G such that R(g) = p(0) —e for all geG. Let U 
be a neighborhood of the zero element of G satisfying the condition 
U—UCYV. We choose v= ey, where ep€ L)?(G) has the meaning given 
in § 20.5. Then w= ey* * ey = ey; and since, by formula (4), the integral 


f vle)v@dg is real, we have 
fe@¢@ag= f Ree) ep(e) dg = 9 (0)—e; 
Vv 


on the other hand, w~(x) =| eo(y) |? 1. From the formulas (2) and (4), 
we therefore obtain 


?0)—e=fe@I@da=fewrwaxs 


= fe~ War SO, 
from which it follows, inasmuch as ¢ is arbitrary, that 


f e~ (0) 4x = @ (0). (2’) 


Now we put 


w(g)= (1+) 2) ee) +e (g +4) +9 —b= 
== ((a-+ AT _pu)* ¥ (w+ AT_ 42) ) (g). 


Since u-+-AT_,uE€Lt?2(G), we have wEL'2(G); and by what has just 
been proved, 


(0) = (1+) @ (0) + Ag (4) +29 (—A) = for~ (Day = 
=(I+1AP FS e~ Coax Af (fe @t a ee@dg) dy + 
+3 f(f e@—mer@ dg) dy=A+1 42 f e~ GO ax+ 
+A f e~ (eX dy + Ff om (Qe dy, 
or, when we take (2’) into account, 
he (4) + de (— A) = fem Go e-2 dy +3 f e~ (Delt May, 


Dividing by A and putting, successively, A==1 and } =i, we obtain 


154 IV. Harmonic ANALYSIS 
9 (A) = | er (x) e-  dy. 


This completes the proof of the theorem. / 


3. THEOREM 2 (Generalized Theorem of Plancherel): The operator 


ee f x(g)ex@dg  (x€L2(G)), 


where the integral on the right-hand side 1s to be understood as the limit in 
L?(X) of the integrals Tx, for sequences {x,}CL'2(G) that converge to x 
in L®(G), is uniquely defined for all x €L7(G) and maps L(G) isometrically 
onto L*(X); and its inverse 1s the operator 


T F=f fMerMdy (FEL) (5) 
(which is defined similarly), so that we have the equations 


x (g) = ff x (h) e*% () ah) e~*x(9) dy (5’) 
and 


FO=f (SFO e-#O at) etuto dg. 


Proof: Let we L¥?(G). Then u*%uEP; and by Theorem 1, (u*¥%u)~ = 
| u~(x) |[?EL1(X), so that w~ €L2(X) and, by the same theorem, 


(u* x u) (g) = fu(g+A)u(h) dh= 
= f | face ex dnl? e-xm ay, 


Putting gO in this equation, we obtain 
fle@pan= f | fumermanl ay. 


Thus, the operator T maps L?(G) isometrically into L?(X). Since 
L2(G) is everywhere dense in L?(G), it extends uniquely to the whole of 
L(G) with preservation of the isometry of the mapping (and hence, with 
preservation of its property of being one to one). 

Let us show that the image of L?(G) is the whole of L?(X). 

For every E€X and every function 2(g) on G we put 2,(g) =e *2(g); 
hence 2p (x) =27(x—§) (see § 24.5). If rEL1(G) and mEP, then we 
have that x ,€L'(G) also and, as we have proved in § 24.5, p,€P. More- 
over, since | @,(g) | = @,(0) by formula (2’) of §22, we have 
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| (p¢ * Xe) (g) | S Il xe ll pe ©) = II |] 9 (0), 
so that @_%x_—, aS a bounded function in L*(G), belongs to L?(G) and 
(_¥ 4,)~ ELAR). 
Suppose now that the function f€L?(X) is orthogonal to TL7(G). By 
what has just been proved, we have, for arbitrary EEX, rE L(G), and 
peP, 


fFO+De~ Wx Way = f fOe~ UD" GD = 
= f FOO ee %)~ GD dy = 0. 


—_—, 


Multiplying the first integral by f(&), integrating with respect to &, and 
applying Fubini’s Theorem, we obtain 


fF * NW e~ W x~ (Dax =0. (6) 


But by Lemma 2 of § 22 (applied to L?(X) instead of L?(G)), (f* *f) (x) is 
a bounded continuous function. Therefore g(y) = (f* *f)(x)@~ (x) 18 a con- 
tinuous function on X, tending to zero for y— M,; and consequently, as 
the restriction to X of a function g(M)EC(M), it is equal to zero at the 
point M.. By the symmetry of the ring V(G) and Theorem 1 of § 7, for 
every € > O there exists a 3==Ae + +€V(G) such that 


| g(M) —A— «(M) | <e for all MEM; 
taking M — M,, here, we obtain |4 | < € and consequently 
| ely) —#~(y) |< 2e forall yeéX. 


In consequence of Theorem 1, g€ L1(X) and hence, in virtue of its bounded- 
ness, g€L*(X); therefore, by taking (6) into account, we obtain 


feca= fec@a—femx (X) dx = 


= f go leQo—x~ Way 2 f gay. 


Inasmuch as ¢ is arbitrary, we conclude that f g?(y)dy = 0, and hence, being 


continuous, g(y) = (f* ¥f)(yp~(y) =O. But it follows from the lemma 
of § 24 that for every yo€ X there exists a pE€P such that p~ (yo) #0. Con- 


sequently (f* *f)(y) =0. Putting y= 0 here, we obtain f | #(&) |?dE —0, 


ie, f==0. Since TL?(G) is closed in L?2(X) because of the completeness of 
L2(G) and the isometry of T, we have therefore proved that 
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TL?(G) = L?(X). 
It remains to show that the operator inverse to T is defined by formula 


(5), 1.e., that formula (5’) holds. But for the functions x €P, i.e., x == u* %u, 
where u€Ll*(G), the truth of (5’) was established in Theorem 1. Since 


ou = + [ (w+ 0) * (4+ 0) —(u— 0) #(u— 0) + 
+ i(u-iv)* x(a +- iv) — i (u—iv)* * (a —iv)], 


(5’) is then also true for all functions == v* *u, where u, vE L12(G). But 
the set of these functions is dense in L7(G). For, on the one hand, the set 
of all bounded functions of L1'#(G) is dense in L?(G). On the other hand, 
if w€L'*(G) and | u(g) | SC, then taking v= eg*, where {ey} (CL?(G)) 
is a §-sequence contracting to the zero element of G, we have 


| (v*¥¥u)(g) | SC, 
and therefore 


lo xu—a]h =(f ley *y) @)—a(@) ag) = 


_ 


<(2C|jey*u—ul})r. 


so that, by the lemma of § 20, | v* Ku—u 20 for U0. Thus, for 
every +€ L(G) there exists a sequence {%,} CL?(G) converging to x such 
that 


xn(g) = f ( f xn (ete dt) e- (0) dy, 


where the integrals are understood in the usual sense. Moreover, by what 
has already been proved, +,~ —>+~ in L?(X), and we therefore conclude 
that the formula (5’) is also true for x, provided the integrals in (5’) are 
interpreted in the generalized sense defined in the statement of Theorem 2. / 


§ 26. The Pontrjagin Duality Law 


1. In the construction of the Haar measure on the group of characters we 
have been guided by the inversion formulas for the Fourier transform. But 
for functions of the class L? these formulas are symmetric with respect to 
the groups G and X, so that G, as it were, plays the role of the group of 
characters of X in these formulas. In the present section we shall obtain 
just this ‘duality law,’ which states that G is in fact the group of characters 
of X; we shall start from the inversion formulas for the Fourier transform 
that were proved in the preceding section. 
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2. As already mentioned at the beginning of § 24, G can be regarded as an 
algebraic subgroup of the group G* of characters of X. 
THEOREM 1 (Pontrjagin’s Duality Law): G coincides with G* both in 
its set of elements and in tts topology. 


Proof: Capital italic letters with an asterisk shall denote sets of G*; 
the same letters without an asterisk shall denote the projections of these 


sets onto G. f~(y), where f€L1(X), shall denote f f(yeta*OOdy (g* EG*) ; 


fz, where E is a set of G or G*, shall denote the characteristic function of 
this set. 
The proof will be divided into several steps. 


1. G ts homeomorphic to part of G*. 
For the sets 


US = (gE G*: | fk (e")—fk Go| <e 
(R= 1,..., m frELi(X))} (1) 


form a basis of neighborhoods of the element gg€G in G*. But the functions 
f~(g), where f€Z1(X), are continuous on G. In fact, for every ¢ > 0 there 


exists a compact set AC X such that f | f(x) | dy <€; by Lemma 2 of § 23, 


CA 
there exists a neighborhood U of the zero element of G such that 


| OO —1| <e for all yeA and hEU; 
therefore 


If e+h)—f  @IS2 flfOlaxt 
CA 
+ fle —1 | flax <e@+IIFIl) 
4 


for all hEU and g€G. Hence it follows that the projection 
U={geG: | fu~(g)—fa~(go)|<e (k=1,...,05 fr€L(X))} 


of every neighborhood (1) is an open set in G. On the other hand, for every 
neighborhood V’ of the zero element of G there exists a neighborhood U* of 
the zero element of G* such that UC V. For there exists a neighborhood W 
of zero with a compact closure for which W—WCYV,. We put 


p(g) = f fw(g + h)fw(h)dh. 


Since mpe€P, we have by Theorem 1 of $25, m(g)—=f~(—g), where 
f(x) =| fr(y) |2?€21(X). Now we choose 
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U* = {g*E G*: | f~ (—g*)—f* (0)| < 9 (0)}. 
Then 


U=({gEG: |e(g)—9(0)| < 9 (}cW—WevV, 


since @(g) =O obviously holds outside W—W. Thus, we have proved 
that the topology induced in G by G* coincides with the topology given in G. 
2. The ring V(X) ts regular, i.e., for every point go*€ G* and neighbor- 
hood ’* of that point, there exists a function f € L1(X) such that f~(go*) 40 
and f~(g*) =O everywhere outside V’*. 
For let W’* be a neighborhood of the zero element of G* having a compact 
closure and such that got + W*—W*CV*, We put 


918) = f faye (8° — BLA) Faye (1) ah 


(where the integration is taken with respect to the Haar measure on G*). 
Obviously, p(go*) > 0 and m(g*) = 0 everywhere outside go* + W*— W*, 
and hence, a fortiori, outside V*. But since p€ L2(G*), by Theorem 2 of 
§ 25 applied to the groups X and G*, we have m(g*) = f~(g*), where 


foo= f eee” (x) dg* =e % | f fare (hy ew dh* . 


moreover f€L1(X), because fw«E€ LX(G*) and hence, by the same theorem, 
[fwe(n*)e—™* die L2(X). Note that f(y) is bounded. 


3. If fEL1(X) is bounded and f~(g) —0 for all gEG, then f=0. 
For, in virtue of the fact that it is bounded, f¢€ L?(X); and therefore, on 
the basis of Theorem 2 of § 25, for almost all y€X we have the equation 


f(x) = fe*f~(—g)dg =0. 


4. Gis everywhere dense in G*. 

For if there were an open set /* CG* that does not intersect G, then by 2. 
there would exist a bounded function f€Z1(X) such that f~(g) 0 for all 
g€G and at the same time f~(go*) 40 for some goX¥EV*. But from 3. it 
follows that f(y) would have to be equal to zero almost everywhere and hence 
f~(g*) would be equal to zero for all g*€G*, in contradiction to the defini- 
tion of f. 

5 GG G* 

For by 1., there exists a neighborhood U* of the zero element of G* such 
that its projection U onto G has a compact closure U in V. By 4., U and 
hence U as well, is dense in U*. But since by 1. the embedding of G in G* 
is continuous, U is compact and hence closed in G*. Therefore U*CU. 
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Now let go* be an arbitrary element of G*. By 4., its neighborhood go* — U* 
contains an element go€G. But then go*€ go + U¥ Cgo + UCG, ice., go¥ EG. 

Hence G coincides with G* both as far as the elements are concerned (5.) 
and in the topology (5. and 1.). / 


§ 27. Positive-Definite Functions 


*]1. The functions by means of which we constructed the positive linear 
functionals on V(G) in §§22 and 24 belong to the class of the so-called 
positive-definite functions, i.e., the class of functions @(g) on G that are 
characterized by the following structural property: for every finite set of 
elements g1, ..., Zn of G and complex numbers §, ..., &, we have the 
inequality 


n n = 
»2 D (8x — 81) xEr = O. (1) 
kui J=1 
For if 
ma) = fue + h)u(h) dh, (2) 
where u€L?(G), then, by substituting the form (1) for m, we obtain 
nr nr n nr 
» » ¢(gx—en ati = ), Dy Be f (ex—a1+ h) u (A) dh = 
k=t [=1 k=il=1 


n n 
=e f a (ent nya (erF A) dh = 


k=1l=1 


-| 


Now it turns out that the functionals J» generated by functions of the form 
(2) are positive, because these functions are positive definite. 


n 2 
DF (n+ hy] dh =o. 


kai 


THEOREM 1: The expression 


Jo(3) =Jo(he + x) = 290) + f p(—a)#(e)dg (3) 


1s a positive linear functional on V(G) for every continuous positive-definite 
function (g). 

Proof: That the functional (3) generated by the function (2) is positive 
was established in the proof of Theorem 1 of § 22, essentially on the basis 
of the following properties of this function: @(g) is continuous, 
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o(—s) = (sg), (4) 


| p(g) | S (0), (5) 
and 


Jolaexx) = fo(—s) (f #(¢ + h)x(h)d(h)) de = 
=f fol i Shenae = 0 (6) 


for all x, ye L(G). Thus, we only have to show that every continuous 
positive-definite function on G has the properties (4), (5), and (6). 

Putting n= 2, gig, ge—=O, E:==1, & =A in (1), we obtain the 
inequality 


(0) + @(g)h + p(—g)h + @(0)-| 4/2? =, (7) 


which is true for all complex values of A. For A=0 this gives m(O) = 0. 
Therefore p(g)A-+ ~(—g)A is real for all 1; and since o(g)A + @(g)A is 
also real for all A, we find by subtraction that [@(— g) — g(g)]A is real for 
all A, and (4) follows for A= i[@(— g) — g(g)]. 

Now if @(0)>0, then putting 1—— (g)/@(0) in (7), we obtain 
(0) — | p(g) |?/p(O) = 0, and this implies (5). But if p(0)—0, then by 
putting A= — q(g) in (7) we obtain — 2 | p(g) |? 0, and hence p(g) =0; 
and so (5) is again true. 

Finally, the inequality (6), which is an integral analogue of the inequality 
(1), follows from the latter by means of the following device which is due 
to Riesz [51]. 

Suppose, to begin with, that +¢€ L(G), that K is the support of x, and that 
x0, so that u==-m(K) >0. We put &—=—-+(g,) (e—1, ..., ) in (1) 
and, treating g1,..., g, as independent variables, we take the n-fold integral 
of both sides of the inequality 


> > (gu — 81) 4 (gu) 4 (gi) = 0 (1’) 
with respect to the set K. We obtain 


np(0)u"—* file) l?dg + 


+n(n— ir? ff pl(g—h)x(e)x(h)dgadh =O. 
ExkK 
Dividing by n(n — 1)u"~—? and passing to the limit n—> 0, we arrive at the 
inequality 


J fele—nele)x(n)dgan = 0; 
Kx EK 
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i.e., bearing in mind that +(g) =O outside K, we have the inequality (6), 
which is then proved for every function +€ L(G) (for x(g) =0 it is trivial). 
And since L(G) is dense in L1(G), we see, by the continuity of the func- 
tional (3), which follows from (5), that the inequality (6) extends to all the 
functions of L(G). /# 


Thus, the absence of a radical in the group ring, the uniqueness theorem 
for the Fourier transform of an absolutely integrable function, and the 
existence of an abundant set of characters are ultimately consequences of 
the existence of a sufficiently large set of positive-definite functions in the 
groups under discussion. 


*2,. Theorem 1 turns out to have a converse. 


LemMMA 1: If @(P) is a completely additive regular non-negative real 
function of the set P on the field of Borel sets of the space X of characters 
of the locally compact commutative group G, then 


(g) = fe-*@d@(y) (8) 
x 


is a continuous positive-definite function on G. 


Proof: By Lemma 1 of § 23, the integral (8) exists for every gé€G. 
Further, by substituting the form (1) in (8) and bearing in mind that 
@(P) = 0, we obtain 


> > ? (8% — 81) & 6, = f(y > e MxM) Bf d® (y) = 


kel [ml x kml [m1 
n 2 
= f 2 e(E| aby) = 0, 
X tkel 


so that @(g) is a positive-definite function. Finally, from the regularity of 
®(P) there follows the existence for every « >0 of a compact set KCX 
such that ®(X \K) < €; moreover, since by Lemma 2 of § 23 there exists a 
neighborhood U of the zero element of G such that 


jex®)—1/<e forall heU and y€K, 


we have, for all g€G and he U, 


leet m—e(e)is filet —1]aoQ)+ 20K\K) < ele +2) 
K 


so that @(g) is continuous. / 
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Note: In proving that the function @(g) is positive definite we have 
actually used the fact that every multiplicative character e*) is a positive- 
definite function. 

THEOREM 2: Every positive linear functional on V(G) can be represented 
in the form 


f(s) = fhe + +) =Ae + Jo(a), (9) 


where pis a uniquely determined continuous positive-definite function on G 
and 9@=0. Moreover, f=ZJo, 1.e., o=O0, tf and only if f(e) =lim f(en), 
U+>o 


where {éy} 1s a 3-sequence contracting to the zero element of G. 


Proof: By Theorem 5’ of §8, we have for every ,=)’Ae+ x€V(G) 


fa= famao(m)= f r+ (a) 20 (M), 
M M 


where ® is a regular completely additive non-negative real set function on 
the field of Borel sets of the space St of maximal ideals of V(G). Taking 
Theorem 2 of §21 into account and applying Fubini’s Theorem, we obtain 


f(g) = AH (M) + fe (x) ¢® (x) = 
x 
=ro(m)+ f (f tO) x (g) te \ao () = 
x \G 
= AD (M) + TG 00) (8) dg= 
G x 


= )h® (Moo) + 4 (X) + f ¢(—2) (2) dg, 
where g(g) = f e—*(9)d@(x), by Lemma 1, is a continuous positive-definite 
x 


function on G. Furthermore, since ®(X)—q@(0), we have arrived at the 
formula (9), where p= ©(M,) 20. By taking 3— ey, where {ey} isa 
d-sequence contracting to the zero element of G, and by passing to the 
limit for U0, we obtain 


lim f(é7) = (0). 
U>90 


On the other hand, for 3=-e we have 


f(e) = (Ma) + (0). 
Hence ®(M,,) =0, i.e., f(3) = J (4) if and only if f(e) == lim fev). Finally, 
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that @ is uniquely determined follows from the fact that if 


fo—a)x(e)de= fy(—a)rlg)dg for all = x€L1(G) 


and @ and w are continuous, then o(g) =w(g). 7 


*3. In the course of proving Theorem 2 we have actually obtained at the 
same time the converse to Lemma 1; this converse is a generalization of the 
well-known theorems of Herglotz [27] and Bochner [7] on the representa- 
tion of positive-definite functions on the additive group of integers and the 
additive topological group of real numbers, respectively : 

THEOREM 3 (Generalized Theorem of Bochner): Every continuous 
positive-definite function ~(g) given on a locally compact commutative group 
G can be represented in a unique way in the form 


e(ay= f eX aay), (8) 


x 


where M is a regular completely additive non-negative real set function on 
the field of Borel sets of the space X of characters of G. 

For we only have to apply the proof of Theorem 2 to the case where f 
is the functional J» (which is positive, by Theorem 1). However, Theorem 1 
can also be proved in a more direct way: according to Theorem 1 of the 
present section and Theorem 5’ of §8, 


fo—e) x(eldg=f x~ (a0) 
x 


(because +(M,.)==0). Taking + e,,4u, where {@,,4y} is a 8-sequence 
contracting to the element go€G, passing to the limit U— 0, and taking 
Theorem 1 of §21 into account, we obtain 


(—g0) = f exp (ix(go))d®(y), 


i.e., after changing go to —g, we have formula (8). 


*4. In conclusion, let us show that the inversion formula that establishes 
Theorem 1 of § 24 is true for the class P(G) of all absolutely integrable 
continuous positive-definite functions on G. 

LemMMA 2: If m€P(G), then p~(y) 20 for all yEX. 

Proof: Since p= o*, m~(x) is real. Suppose, contrary to the statement 
of the lemma, that m~(yo) <0. Being continuous, @~(y) is negative in a 
certain neighborhood V of yo. By what has been established in part 4. 
of the proof of Theorem 1’ of §7, there exists a function fo€ L4(X) for 
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which A, CV and fo(yo) = 1. Then fo(y)/p~ (x) = 0 everywhere on X and, 
since Ig is a positive functional, we have J»(f/m~) =0. But on the other 
hand, by Theorem 1 the construction of the invariant integral on L(X) 
could have been carried out by using not the class P, as was done in § 24, 
but the wider class P(G). Then, by 4. in Theorem 1 of § 24, 


To(fo/p~ ) =I (fo) > 0. 


This contradiction proves the lemma. / 


LemMa 3: If p€P(G), then for every collection of elements hi, ...,hmEG 
and numbers 1, ..., Nm we also have 


m 
VOad= Bi e+ hy — hy) a7; PG) 
Proof: For every collection of elements g1, ..., gx€G and numbers 


&,,..., &n, by putting g,,—=g,+h, and €,)==é,m and bearing in mind 
that the function q(g) is positive definite, we have 


7 = ihe at e ay cree ° 
> Y (8, — 81) 58, = > > ¢ (8% — 8) Gy, &/ =0. 
kyle djl k,l=1 


The continuity and the absolute integrability of the function w(g) are 
obvious. / 


THEOREM 4: If pEP(G), then p~ EL1(X) and 
9(g)= f e110) f eft) 9 (h) att) dy. 


The proof of this theorem is an almost verbatim repetition of the proof 
of Theorem 1 of §25, the only difference being that now @~(y) 20 by 
Lemma 2, and the function 


w(g) =(1+10 12) e(g) +re(g +h) + Ae (g—h) 


belongs to the class P(G) (which replaces the class P of Theorem | of § 25) 
by Lemma 3 (with m= 2, hy==h, he=0, n1 =A and no=0). S 


CHAPTER V 


THE RING OF FUNCTIONS OF 
BOUNDED VARIATION ON A LINE 


§ 28. Functions of Bounded Variation on a Line 


1. Let f(t) be a function of bounded variation on the line —0o <t< oo. 
As is well known, f(t) can be represented as the difference of two non- 
decreasing functions of bounded variation. Therefore at every point ¢ there 
exists the right-hand limit f(¢-+ 0) and the left-hand limit f(t—0); the 
limit values f(— oo) and f(-+ o) also exist. The function f(¢-+ 0) is obvi- 
ously continuous on the right and is also of bounded variation. Since f(¢) 
can have at most a countable set of points of discontinuity, f(¢ + 0) coincides 
with f(t) everywhere, except at most in a countable set of points. The 
function f(¢-++ 0) has no removable points of discontinuity. All its points 
of discontinuity are of the first kind. From now on, when we speak of 
functions of bounded variation, we shall always have in mind functions that 
are continuous on the right, i.e., that satisfy the condition f(t) = f(t-+ 0). 


2. We denote by /”) the linear space of all complex functions f(t) that 


are of bounded variation on — 0 <t< o, satisfy the condition f(— o) —0, 
and are continuous on the right, with the norm 


| f || = Var f. 


The space /1”°®) is complete. We can introduce in this space an operation 
of multiplication of its elements by defining the product of two elements 
f: and fe as their ‘convolution,’ given by the formula 


(he fe(t)—= ff filt—vafaln). 


In fact, it is not difficult to verify that if fi, feeV“, then we have 
fi%feEV™ also and || fixXfe || S|] fi |] || fe ||. By means of Fubini’s Theo- 
rem it can be shown that the convolution is associative and commutative. 
Obviously, the function 
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0 for i<0O, 
e(t) = 
1 for t=0 
is the unit element with respect to convolution and |/¢ || —=1. Thus, V® 


is @ commutative normed ring with a untt element. 
Let f(t)€EV™. The function 


h(t) = > wd), 
\<t 


where we have for brevity put f(A) — f(A—0) = (A) and where the sum 
is extended over all the points of discontinuity 4 of f(t) that are not to the 
right of ¢, is called the jump function, or the discrete part, of the function 
f(t). We have 


Varh== 3 [f)—fQ—0)|<Varf < ©. 


Am —©O 


The difference f(t) —h(t) = c(t) is called the continuous part of f(t). We 
can separate out the singular part of c(t), i.e., a continuous summand s(t) 
whose total variation is concentrated in a set of measure 0 such that the 
difference c(t) — s(t) = g(t) is even absolutely continuous. This means 
that for every ¢ > 0 there exists a8 > 0 such that })| g(tz41) — (tr) | <e 
for every finite system of non-overlapping intervals (tx, x41) for which the 
sum of the lengths is lessthan 8; s(t) is a continuous function of bounded 
variation having almost everywhere a derivative equal to zero. Thus, every 
function f(t)€/“ can be represented, in one and only one way, in the form 
of a sum 


f(t) = g(t) + h(t) + s(Z), 


where g(t) is absolutely continuous, h(t) is a jump function, and s(t) is a 
singular function. Moreover, 


Mfl=lel+el+ [st 


Obviously, one or more of these components may vanish, 1.e., they may in 
fact be absent. 


3. The absolutely continuous function g(#)€V© is characterized by the 
following properties: It has a derivative g’(t) almost everywhere; g’(t) is 


1If f(t) is continuous, so that the set of terms of this sum is empty, then, by a gen- 
erally accepted convention, the sum must be taken to be equal to zero, 1.e., the jump 
function of a continuous function of bounded variation is identically equal to zero. 
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absolutely integrable and g(t) is its integral, i.e., g(¢ as g’(t)dt. It fol- 


CO 
lows from this that Var g = f | g(t) | dt. Further, to the convolution of 
—0o 
absolutely continuous functions there corresponds the convolution of their 
CO 


derivatives as functions of V, i., if g(t)—= f gi(t—t)dgo(t), then 
oO —©co 
e(t)= f gi’ (t—t)go’(t)dt. All this shows that by assigning to every 


—co t 


element Ae + +(t)€V the function Ae(t) + Sx t)dt we obtain an isometric 


and isomorphic embedding of the ring V to the ring VY) ; in other words, 
V is a subring of V), 


§ 29. The Ring of Jump Functions 


1. Just as absolutely continuous set functions have a natural connection 
with absolutely integrable functions, so jump functions are connected with 
‘absolutely summable’ functions.? 

A complex function x(A) defined on an infinite set A is called absolutely 
summable if it is different from zero on an at most countable point set and 


l# = 2) 401 < @. (1) 


The aggregate of all absolutely summable functions on A forms a vector 
space under the usual addition and multiplication by complex numbers, and 
the formula (1) defines a norm on it that turns it into a Banach space; we 
shall denote this space by [1(A). 

We now consider /!(I°), where I" is the discrete additive group of all real 
numbers. There is a natural way of introducing in /'(I‘) an operation of 
multiplication of elements, where the product of two elements + and y 1s 
defined as their ‘convolution,’ given by the formula 


(+ ¥)Q)—= DxQ—vp)y(u). (2) 
b 
The series on the right-hand side is majorized by > || x ||| y(u)| and is 
p. 


2 See §20. In order to make the present chapter independent of the preceding one, 
we again present information on the group ring of the discrete additive group of real 
numbers that is contained as a special case among the results obtained in Chapter IV 
for an arbitrary discrete commutative group. 
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therefore absolutely convergent, so that the function 2(A) == (**y)(A) is 
defined for all AGI’. Further, the sum of the series (2) can differ from 
zero only at points A of the form A =A, + Ao, where +(A1) 40 and y(Ae) 40 
(because otherwise all the terms of the series are equal to zero); thus, 2(A) 
differs from zero at not more than a countable set of points. Finally, 


2120) |= 3] 220—w y@)| SVB xO—H| ly] = 
= 2(2/*0—wl)ly@ |= leis 
» d 
therefore, for arbitrary x, ye (LT) we also have x ¥ ye (T) and 


Jaxx] Sli lo: 
Obviously, the function 


1 for A= 0, 
e(A) = 


0 for 450 
is the unit element for the multiplication defined by the formula (2); we 
have || e||==1. It is easy to verify that the multiplication (2) is associa- 


tive and commutative. Thus, /'(I‘) is a commutative normed ring with unit 
element for this multiplication. 


2. Let h(A)EV©® be a jump function. We put 
47(1) = h(h) — h(A—0). 


Obviously, +,(A)E2(T) and Varh—= | Xn |. In this way, to every func- 

tion +(A)E(L) there corresponds a uniquely defined jump function h(A) 

such that +(A) == r,(A), namely the function h(A) == )+(u). Finally, for 
Psa 


two arbitrary jump functions h; and he we have 
(h, ¥h)O)= fh, Q—p) dh, (py) = Vy Q—p) xn). 
—©o pe 
from which it follows that 1% he is also a jump function and that 
Mh lrg == XH, * Xhy: 


Thus, we see that the set H of all jump functions forms a subring of the 
normed ring V“) that is isometrically isomorphic to the ring L(Y) of abso- 
lutely summable functions on the discrete additive group of real numbers. 

Because of this, in what follows we shall often identify the rings H and 
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(I), always implying that the identification is effected by the correspond- 
ence h—> £p. 
The ring /(I") has a natural involution (§ 8)’ 


a(h) > #*(h) = x(—A). (3) 
We consider the functional f(+) = +(0) on F(T). Since 
(xx) 0) = 2 x (A—p) x (—p), 


we have 


f(x¥ x)= 2 | x(y)p 


u 


so that f(**«*) > 0 for all non-zero x€l(1), ie., f is a positive linear func- 
tional on /'(I‘) and the involution (3) is essential. Applying Theorem 4 of 
§ 8, we conclude that 2(I"), and hence H also, is a ring without radical. 


3. With every function x(A)E€l(I) we can associate the Fourier series 


Sixes, which obviously is absolutely and uniformly convergent on the 


entire real line — 0 <s< oo. The correspondence 
x (A) > ps x (A) ef8 (4) 


is linear. It is not difficult to verify that it is one to one, i.e., (taking linearity 
into account) that if #(A)EF(D) and f(s) = Dees =0, then «=O. 
d 


Indeed, this follows immediately from the formula 
T 
wim op f IF@Pas= Dlx OP, (5) 
-T d 


whose validity can simply be established by a direct calculation (independ- 
ent of the general theory of almost periodic functions). 

The convolution of absolutely summable functions corresponds to the 
multiplication of their Fourter series. For 


Da (2 x (A— pv) y (»)) ets = > @ x (A— .) ene) y (p) == 
A [» [ A 
=> (2 x (A— p) ef O-W) °} etsy (p) = Dx Qe Dd y(ujeis. — (6) 
po\ A x m 


3 Induced by the involution f(t) > f*(#) — f(0o) — f(—t—0) of VY), 
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Thus, the set B® of all the functions on the line that are almost pertodic in 
the sense of Bohr and that can be expanded in absolutely convergent Fourier 
series, furnished with the norm 


| 21 @) ems = 21 +0)], 


forms a normed ring under the usual algebraic operations on functions, and 
this ring 1s tsometrically isomorphic to the ring H. 

At the same time, equation (6) shows that the correspondence (4), for 
every fixed value of s, is a homomorphism of the ring H =/'(1) into the 
field of complex numbers and also that every real number s determines a 
maximal ideal of H. These maximal ideals M,, however, by no means 
exhaust the space It(H7) of maximal ideals of H. 


4. A character of Tl is any homomorphic mapping of I‘ into the multiplica- 
tive group of complex numbers of absolute value one, i.e., it is a complex 
function y(A) of the real variable A such that 


| yA) | ==1 and y+ wp) =x(A)x(u) for all real 1 and uw. 


Taking »=0, we see that y(0)==1. Now taking »——A, we find that 
y¥(— A) = 1/y(A) = yA). Obviously, the function y(A) = e*, for every fixed 
real s, 1s a character of I. It is not difficult to show that these characters 
exhaust all the characters of I‘ that are continuous in the usual topology of 
the real line. On the other hand, with the help of Zermelo’s axiom it is 
easy to construct discontinuous characters [24] ; they are all non-measurable. 

If y; and ye are characters of I, then y;y¥2—! is also a character of I‘. Thus, 
the characters of I’ form a group under the usual multiplication. This 
group X, furnished with the topology in which all possible sets of the form 


{xE X: 1x Qn) — Xo Ox) | < E (R=1,..., n)\ 
form a fundamental system of neighborhoods of the point yo€ X, is called 


the group of characters of T. 


5. THEOREM 1: The space Wt(H) of maximal ideals of the ring H =P(1) 
and the group X of characters of T can be put into a one-to-one correspond- 
ence under which the element EP (TL) assumes, on the maximal ideal My 
corresponding to the character y, the value 


+(Mx) = pz #(A)xQ) 


or, what 1s the same, the element hE H assumes the value 
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h(Mx) = ff x(t)dh(?). 


This correspondence is a homeomorphism of the spaces It(H) and X such 
that the group X ts compact. 
Proof: Let M be a maximal ideal of 2((). We put e(t) == e(t—A). 
Then 
XA) = er, (1) (7) 


is a character of I. For since e,*é,—=erx+,4, we have 
Xa A+») == Crap CM) = & (M) ey CM) = X49 A Ky (HY); (8) 


further, | x ,(A) | S || e || = 1 and yy(0) = e(M) —1, from which it follows 
by (8) that | x,,(A) | =1. Since every element xé€/'(I‘) can be represented 
in the form + == 2 x(h)é,, where the series converges in the norm of /(I°), 


it follows from (7) that 
a(M) = pz w(A)Xy (A). (9) 


On the other hand, by assigning to every element x€/4([) the number 
>) x(4)y(), where x is a given character of I, we obtain a homomorphic 
d 


mapping of /'(I) into the field of complex numbers. Indeed, all that needs 
to be verified is that the product of elements of the ring goes over into the 
product of the numbers corresponding to them; but for this purpose we 
only have to replace e*’ in the formulas (6) by the arbitrary character y(A). 
The kernel M, of this homomorphic mapping (which is not zero, because 
é goes over into 1) is a maximal ideal of 2(I). Moreover 


a(My) = p2 a(A)y(A) 


and, in particular, 


é,(Mx) = x(A). (10) 


A comparison of the formulas (7) and (10) shows that the maximal ideal 
M, generated by the character y in turn generates this character: y= Yu,. 
From (9) it follows that distinct maximal ideals generate distinct characters: 
if yar, (A) = xm, (A), then by (9) +(M1) = 4(Mz) for all rE (LD), 1.e., My and 
M, coincide. From (10) it follows that distinct characters generate distinct 
maximal ideals: if Mx, = My, then, by (10), y1(A) = yxe(A) for all AET, ie., 
X1 = Xe- 


172 V. Rtnc oF FuNcTIONS oF BOUNDED VARIATION ON A LINE 


Finally, the functions e, (A540) are generators of the ring (I) and 
therefore, according to Theorem 3 of §5, the sets of the type 


(MEM(H): Je, (M)—e, (M)|= 
= |X CW— xy A|<e (R=, .+-. m)} (11) 


form a fundamental system of neighborhoods of the point M°EM(H), so 
that in virtue of the correspondence that has been established between the 
maximal ideals of H and the characters of I’ the spaces I2(H) and X are 
homeomorphic. / 


CoroLcLaRy: The ring H=EP(D) ts symmeiric. 
For, by formula (9), 


x*(M) = 2x (— N) Xe) = Oxy (—2) = 
= Sx OX AO) =x (M). 
A 


6. THEoREM 2: The set of maximal ideals M, of the ring H=lT(L) cor- 
responding to the continuous characters y(h) =e (—0o <s< 0) 1s 
everywhere dense in the space It(A). 

Proof: Let M® be an arbitrary maximal ideal of the ring H ==/'(I°) and 
U(M°) an arbitrary neighborhood of M°; we have to show that there exists 
a maximal ideal M,,€ U(M°). By what has been shown at the end of the 
proof of Theorem 1, U(M°) contains a neighborhood U’(M°) of the form 
(11). By mathematical induction we can select from the numbers Ay, ..., An 
numbers Ay,, ..., Ax,, such that (a) the A,, (7==1, ..., pw) are linearly inde- 


pendent over the field of rational numbers, i.e. that the equation > r jhe, = 0 
jul 


in which the 7; are rational numbers implies that all the 7; == 0, and (b) every 
A, can be expressed as a linear combination of the he, with rational coeffi- 
cients. Let A be the least common multiple of the denominators of the 
coefficients of all these expressions. The numbers A, can now be expressed 
in terms of the numbers pjy—=)xz,/A in the form of linear combinations with 
integer coefficients. The numbers yy, like the Ay, are linearly independent. 
Since the functions e,, are products of the functions e,,, the neighborhood 
U’(M°) contains a neighborhood U”(M°) of the form 


{ME M(H): \e.,(M)—e,,(M)| = 
=| Xp (Ps) — Xapo(y)| <8 (Gl, ..., mh. 


Qnia. 


Let Yao(tj) =e 9 (7=1,..., m) and let jp > 0 be such that 
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| ett: — etta| <8 for | tr—te |< 7. 
By a well-known theorem of Kronecker there exists a real fp and integers 
Pi, ..-> Pm Such that 
| 2; — typ; —py|< 5e ie, | (2ma;— 2np;) — Qnty; |< 9 
for all 7 ==1,..., m. Then 


[errors __ ernia; | = | ertiay—2nipy  panttop | < S j —{|,..., m), 


1.€., 

|erritty — ane] <8 Glo, m). 
But this means that U’”’(M°), and hence also U(M°), contains the maximal 
ideal M,,, where 59 = 2nto. / 


*7, Let us indicate a proof that does not depend on the theorem of 
Kronecker. 


Proof: We shall show that 


> «()x(A) | S sup] Hae (12) 
| A | 8 | a 


for all rE) and ye X. 
Suppose, to begin with, that x is ‘finite,’ 1.e., that +(A) differs from zero 
only at a finite number of pointsA =A, (k= 1,..., 7), so that 


Dx AXA) = p> x (An) Xx) = DD cxx x). 
A =] k=l 


By Cauchy’s Inequality and formula (5), 


Y cx] = Nia? Mixade=2ViagP = 
Kat k=1 kat kal 
; Tin D 
th, 8 
=n iim — D> k ds, 
T > co 2T Ke 
_ k=1 
and hence 
x Lr 1 
>) cer Cx) | SV sup] DS) cxe x | 
k=1 8 |kal 


We now apply this inequality, which is valid for every finite function of 
PD), to the N-th iterate +¥ of our function x. Since x is different from 
zero at ” points, a simple calculation shows that +‘ can differ from zero 
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at not more than ( a Fe - ') points (this bound is attained when the num- 
bers A; are linearly independent). Therefore 


n N 
» Ch. 3) =\V Gare ') sup 


n N 
4A,8 
ye 


kel k=1 
1.€., 
. N law [wa 
Yew Oops (" Fy")? sup] SY exe!* |. (13) 
k=l . kel 


1 
But (* as 2” +>1asN—> 0. Thus, by passing to the limit N > oo 
in (13), we find that the inequality (12) holds for all finite functions of F(T). 
And since the latter are dense in /+(I‘) and the functions on both sides of the 
inequality (12) are continuous, we conclude that (12) holds for all xe (1). 

The validity of Theorem 2 now follows easily from (12), in virtue of the 
symmetry of the ring (I). For if there were to exist a maximal ideal 
M°EM(H) having a neighborhood U(M°®) that does not intersect the set 
{M,}, then by what has been established under 4, in the proof of Theorem 1’ 
of §7, M(H) would contain a continuous function @(M) that is equal to 1 
at M° and to 0 on the whole of {M,} and /(T) would contain an element 
x such that | +(M) —q(M) | < 1/2 for all MEM(H), so that 


| x (My) | = yy «Q) <> 
r 
for all s and 
| ¢ (MP?) | = 2) 120 | > 
Py 


But this would contradict the inequality (12) applied to y= X00 / 


*8. We observe that the topology induced on the line —o <s< 0 by 
the space (A) by identification of the maximal ideals M, with the cor- 
responding points s is different from the usual topology of the line. Indeed, 
the defining neighborhoods have the form 


{s: | e**x8 a) <e (se ea ny}; 


each of these inequalities distinguishes on the line a certain periodic system 
of intervals, and the intersections of such systems gives an ‘almost periodic’ 
system of intervals consisting of an infinite set of intervals of different 
lengths that are spread over every sufficiently large segment of the line 
and the ratio of the total length of these ‘almost periodic’ intervals within 
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the segment to the length of the segment 1s almost the same for every such 
sufficiently large segment. 


9. CoroLtLary 1: [f f(s) 1s an almost periodic function with an absolutely 
convergent Fourier series and inf =| f(s) | > 0, then 1/f(s) is also an 
—-0o <8< 0 


almost periodic function with an absolutely convergent Fourier series. 


In virtue of the isomorphism established above between the rings B&) 
and /1(I‘), the proof of the statement follows immediately from the fact that 
a continuous function the lower bound of the absolute values of which on 
an everywhere dense set is positive cannot vanish anywhere. / 


CoroLtuary 2: If f(s) is an almost periodic function with an absolutely 
convergent Fourier series and F(&) ts an analytic function, regular on the 
closure of the set of values of f(s), then F(f(s)) is also an almost periodic 
function with an absolutely convergent Fourter serves. 


*10. The next theorem also follows from the results of this section. 


THEOREM 3: The ring B of all continuous almost periodic functions on 
the line is isometric and isomorphic to the ring C(X) of all continuous func- 
tions on the group X of characters of the discrete additive group V of real 
numbers. 
Proof: Let f(y)€CCX) and let f(s) be the restriction of f(y) to the set 
of continuous characters {e'**}, identified with the corresponding points s 
of the real line. By the Corollary to Theorem 1, the ring (I) is symmetric ; 
therefore, by Theorem 1 of §7 and Theorem 1 of the present section, the 
functions (9) are dense in C(X). Hence f(s) is the uniform limit of their 
restrictions to the real line—i.e., of almost periodic functions with absolutely 
convergent Fourier series—and thus f(s)€B. Since the real line, by Theo- 
rem 2, is dense in the space X, the correspondence f(y) — f(s) is one to one. 
Further, every function f(s) € B is the restriction of some function f(y) EC(X). 
For, as 1s well known, f(s) is the limit of a sequence of trigonometric poly- 
k 

nomials P,(s) = > cx exp (tA;,s), uniformly convergent on the whole real 
kal 

line; but then, by Theorem 2, the coreesponding polynomials 


P,(y) = 2 eux) 


converge uniformly on X to a function f(y) €C(X) whose restriction to the 
real line is f(s). Finally, again by Theorem 2, 


sup _| f(s) | == max | f(y) |, 
-~O <8 <0 YEx 


so that the correspondence f(s) — f(y) is isometric. / 
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§ 30. Absolutely Continuous and Discrete Maximal Ideals 
of the Ring V 


1. We now proceed to the discussion of maximal ideals of the ring V), 
In this section we shall consider two very simple classes of such ideals. 
Let f(#)€V. The integral 


co 


F (s)= f etst df (2), 


— 


which obviously exists for all real values of s, is called the Fourter-Stieltjes 
transform of the function f(t). It is clear that the addition of functions 
belonging to V °°) and the multiplication of such functions by scalars cor- 
respond to the same operations on their Fourier-Stieltjes transforms. The 
convolution of functions of ’“ corresponds to the multiplication of their 
Fourter-Stieltjes transforms. In fact, 


f ema fie—aaf,= f ( f eweape—w) df,(u)= 


ees! f ( ftom it—a) ets df, (4) = f ei df, (£) few af (a, 


Thus, by assigning to every function f(t)€V© the value of its Fourier- 
Stieltjes transform at an arbitrary fixed point so, we obtain a homomorphic 
mapping of the ring / © into the field of complex numbers. The maximal 
ideal generated by this mapping will be denoted by M,,. Thus, 

oo 
f(Ms,)= f et df(t) = F (5). 
If s1 A 52, then M,,54M,,, because we can find a value t= to such that 
efits 5e eisabo and then f(M,,) 4f(M,,) for f(t) =e(t — to). 

We shall call the maximal ideals M, (— 00 <5 < ©) absolutely continu- 
Ous. 

Let us show that every function f(t)€EV™ is uniquely determined by tts 
values on the absolutely continuous maximal ideals, 1.e., by tts Fourter- 
Stieltjes transform F(s). It obviously follows from this, in particular, that 
V%) is a ring without radical. 

Lemma: The set G of all absolutely continuous functions g(t)EV©™ is 
an ideal of V“), 
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Proof: Let g(t)€G and let f(t) be an arbitrary function of V©), different 
from zero. We have to show that fxgé€G. Choose any & >0 and let 
8 > 0 be such that 


Vlg ter —8 te) |< TA 


for every finite system of disjoint intervals (tx, th+ 1) the sum of the lengths 
of which is less than §. Then 


Yl *8) Ged —¥ 2) |= 


>> 


f teGu—I—¢G—Naf@] Ss 


< f YieGu—9—e—9 11 df@| < y Varf =e 


and this proves the lemma. / 
Now let f(t)EV and f(M,) = F(s) =0 for all s. We put 


0 for t<—h, 
g(t) { l4+t/h for —AStSO, 
1 for t>0Q; 


gn(t) is absolutely continuous. Therefore, by the lemma, the function 


h 
(feenO=z fse+oa 
0 


is also absolutely continuous and hence belongs to Y. Furthermore, by 
assumption, (f ¥ g,)(M,;) = f(M;)g,(M,) =0. Bearing in mind the unique- 
ness theorem for the Fourier transform of an absolutely integrable function,* 
we conclude from this that (f*g,)(¢)=0. But since f(t) is continuous on 
the right, we have (f¥g,)(t) > f(t) as h-0. Therefore f(t) =0. / 


CoroLLaRy: The only maximal ideals of V) that do not contain G are 
the absolutely continuous maximal ideals. 

For let M be a maximal ideal of VY) that does not contain the entire 
ideal G, te. such that there exists an absolutely continuous function 


4 See, for example, E. T. Titchmarsh, Introduction to the Theory of Fourier Integrals 
Oxford, 1937, Theorem 120. (The uniqueness theorem was proved in Chapter IV 
(§ 22) for functions given on arbitrary commutative locally compact groups.) 
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go(t)€V ©) for which go(M) 40. By assigning to every element Ag(t) + g(t) 
of V the number A+ g(M) we obtain a homomorphic mapping of this ring 
into the field of complex numbers, which, because go(t) goes over into a 
number different from zero, is non-trivial. According to Theorem 1 of 
§ 17, every absolutely continuous function g(#)€V) is mapped by this 
correspondence into the number 


J eit dg (t) = f ett’ (t) dt. 


Let f(t) be an arbitrary function of V). By the lemma, g(t) = (go *f)(¢) 
is an absolutely continuous function. Therefore, 


(gox/(M= f eta gox f= 
== Bo(M) f(M) = ff et dgy(f)- f (M). 


— OO 


But, on the other hand, 


Le 2] co oo 


(gox f)(M) = femtdg (= f ett dgy() f et df. 


—co —co 


Since the first factor on the right-hand side is, by assumption, different 
from zero, we obtain 
oe] 
f(M)= f et df) 


—~0O 


for every f(t)EV), But this means that M=—M, . / 


2. Thus, all the absolutely continuous functions of V) vanish on the 
maximal ideals that are not absolutely continuous. Let us indicate a very 
simple class of such maximal ideals. 

First of all, we observe that the set C of all continuous functions c(t)EV© 
1s an ideal of V"). For suppose that c(t)€C and that f(f) is an arbitrary 
function of /“ different from zero. Let ¢ be an arbitrary fixed positive 
number. There exists an interval [— A, A] such that the total variation of 
c(t) outside this interval is less than €/2||f ||. Let 8> 0 be such that 
| c(?’) e(t)| <8/2 | f || for all points ¢, ? of the interval [— A, A] satis- 
fying the inequality | ‘’—t|<8. Then | c(t’) —c(t) | <e/||f || for arbi- 
trary points ¢, ?’ of the real line satisfying the same inequality. Therefore 
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co 


| (c¥f)(?) — (eX f(t) |= f [e(’ —t) —c(t—1) f(t) | < 
f le’) —c(t—9) | | f(t | Se Var j/|| fl] =e 


i.e., (c¥f)(#) is continuous, and this proves the above statement. Hence it 
follows that the jump function of the convolution of two functions of V 
is equal to the convolution of their jump functions. For suppose that 


fr(t) =, (t) + hi(t), fo(t) = ceo(t) + helt) (¢1, c2 ECs I, he € A). 
Then 


(f, % fe) (t) = [ey % Ce) (E41 * fe) (A Ce * 4) OIA, & A) (8), 


and, by what has been proved, the expression in brackets on the right-hand 
side is a continuous function, whereas the last term on the right-hand 
side, as was proved in the preceding section, is a jump function. 

Now let M be an arbitrary maximal ideal of H. By Theorem 1 of $29, 
it is generated by a character y of I’. Let us assign to every function 


f(t)€V© the number h(M) = Dany), where h(t) is the jump function 
A 


of f(t) and +,(A) —h(A) —h(A—0) = f(A) —f(A—0). From what has 
just been proved it follows that we obtain a homomorphic mapping of V 
into the field of complex numbers. We denote by Mxy the maximal ideal 
generated by this mapping.® 

Obviously ¢(Mxy) = 0 for every continuous function c(t)€V © and every 
maximal ideal Myw. It is not difficult to see that, conversely, if c(M/) =0 
for every continuous function c(t) EV, then M = Myy. For the maximal 
ideal M in V ©) generates a maximal ideal of H; therefore, by Theorem 1 of 


§ 29, there exists a character y of I‘ such that h(M) = 2 x1(A)x (A) for every 


function h(t)€H. Since for every function f(t) = c(t) + A(t) EV © we have, 
by assumption, f(17) =c(M) + h(M) =h(M), we see that M=—= May. 
We shall call the maximal ideals Mx y-the discrete maximal ideals of V“). 
For every absolutely continuous maximal ideal M, there exists a con- 
tinuous function g(t) €V) such that g(M,) ~0. Thus, the discrete maximal 
ideals differ from the absolutely continuous ones. 


5 The significance of this notation will be explained in the next section. 
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§ 31. Singular Maximal Ideals of the Ring V 


1. The class of absolutely continuous maximal ideals and that of discrete 
maximal ideals by no means exhaust the set of all maximal ideals of VV). 
We shall now describe a construction that gives both these classes (as two 
extreme special cases), as well as an extensive family of further classes of 
maximal ideals of Y), But for this purpose we have to go over to a treat- 
ment of functions of bounded variation on a line as set functions. 

We begin by discussing non-decreasing real functions f(t)EV™. Let 
f(t) be such a function and let F be an arbitrary closed bounded set on the 
line —o <t<o. We put 


f(F) = inf {[f(t1’) — f(a) ] + [Fte) —fte)] 4+... + Ltn’) — F(t) 3, 


where the lower bound is taken with respect to all finite systems of non- 
overlapping intervals (f1, 1’), (te, te’), ..., (tn, tr’) covering the set F. For 
an arbitrary Borel set F of points of the line — 0 <t< o we then put 


f(E) = sup f(F*), 
where the upper bound is taken with respect to all closed bounded sets FF 
contained in E. It can be shown that f(£) is a completely additive function, 


i.e., for every finite or countable system of pairwise non-overlapping Borel 
sets £1, Eo, ..., we have the inequality 


f(A, UL,U...) = f(E1) + f(E2) +.... 


For the sets E; == (— 0,t] we have f(F,) = f(t + 0) —f(— 0) —fi(?). 

We shall denote the total variation of the function f(t) on the interval 
(— 0, ¢] (asa function of t) by (Var f)(¢). Let f(t) be an arbitrary function 
of V‘>), Then its real and imaginary parts Rf(¢) and Sf(t) are also func- 
tions of VY), But every real function @(t)€/") can be represented in the 
form of a difference p(t) = qt(t)-— q(t), where m+(t) and q(t) are 
non-decreasing functions of bounded variation, uniquely determined by q(t): 


p* (t) = [(Var f)(t) + plt)]/2, 
p~ (¢) = [(Var f(t) —g(¢)] /2. 


For every function f(t)€V® we now put 
f(E) = (Rf) (EZ) — (RA) (EZ) + Sf) + (4) —a(Sf)— (#). 


The equation f(£;) ==f(t) shows that the function f(t)EV® is uniquely 
determined by the set function f(£) that it generates. The function 
f(t)}€V©® is continuous if and only if f(E) =O for every single-point set E. 
f(t)€V© is absolutely continuous if and only if f(Z) =O for every Borel 
set E of Lebesgue measure zero. f(t)EV is singular if and only if it is 
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continuous and there exists a Borel set Ey of Lebesgue measure 0 such that 
f(R) —0 for every Borel set & that does not intersect Eo. 

The set functions f(EZ) generated by non-negative real functions f(t)€V 
will be called measures. 


2. To the convolution of functions of V) there corresponds the following 
operation on the appropriate set functions: 


(fh¥fe(E)—= ff fi(E—u)dfa(u), 


where the integral is to be understood in the Lebesgue-Stieltjes sense. This 
operation is closely connected with the operation of the arithmetical summa- 
tion of sets. 

By the arithmetical sum of the sets A and B we shall mean the set formed 
by all the points of the form a+ b, where a€ A and bE B. To denote the 
arithmetical sum of sets we shall use the ordinary sign +. Obviously, if 
A and B contain the point 0, then ACA+ 8B and BCA+B, It is not 
difficult to verify that if 4 and B are closed bounded sets, then 4 + B 1s 
also closed. If 4 and B are analytical sets, then 4 + B is also an analytical 
set [69].° We denote the sum 4+ 4+ ...-+ A, where the summand 4 
is taken m times, by ()A. 

LemMMaA: If A has positive measure, then (2)A contains an interval, 

Proof: Obviously, it is sufficient to consider the case where the measure 
m(A) of A is finite. Let f4(t) be the characteristic function of A; we form 
the function 


w(t) = f falt—u)fa(u)du. 
This function is not identically zero, because 


f oa= ( J tatoas = [m(A)]?, 


and m(A)—the measure of A—is by assumption different from zero. Since 
fa(u) is bounded, g(t) is continuous (see, for example, the lemma of § 16). 
Thus, there exists an interval on which q(t) does not vanish. But g(t) can 
differ from zero only at the points of the set (2)A, as follows immediately 
from the formula defining it. Consequently, (2)A contains an interval. / 


On the basis of this lemma we shall show that there exist perfect sets F 


for which (7)F is a set of measure 0 for every n. As an example of sucha 


®6If A and B are Lebesgue-measurable, but not analytical sets, then 4 + B may be 
non-measurable; see [69]. 
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set F we can take the collection of all proper fractions (including 0) for which 
the digit 1 in its representation as a finite or infinite binary fraction occurs 
only at the a,-th place, where lim (@n41—0@n)== 0. For since the digit 1 


n> oc 
at the (a, + 1)-st place can occur only as the result of the addition of digits 
at the places an41, Qn42, ..., a fraction containing the digit 1 at the 


(a, + 1)-st place can only be represented as a sum of fractions of F contain- 
ing at least d,41— a, terms. Since the difference a,41— a, can be arbi- 
trarily large, we conclude from this that the fraction whose ay-th remainder 


co 
is equal to >) 2~%7* cannot be contained in any of the sets (n)F. But the 
n=N 


fractions with remainders of this type are everywhere dense on the line. 
Therefore (n)F cannot contain a whole interval for any ». But if (n)F 
were to have positive measure for a certain 1, then by the lemma, the set 
(2n)F would contain an interval and, as we have seen, this is impossible. 
Thus, all the (x)F have measure zero, and our statement is proved. 


3. Now let & denote a non-empty class of sets of the type Fg (i.e., sets that 
are finite or countable unions of closed bounded sets) having the following 
properties : 

1. If A4€& and 4’ is an arbitrary subset of A of the type F,, then A’ is 
also contained in &. 

2. If Ai, Ao, ... isa finite or countable coliection of sets contained in &, 
then 4,;U AU... is also contained in &; 

3. If A€& then A —t is also contained in & for allt (_ oo <t< ow); 

4. If A€& then (2)A is also contained in &. 

Obviously, when we take the system of all subsets of type F, of an arbi- 
trary set A and carry out the operations 1.-4. in all possible ways on these 
subsets and then, similarly, on all the new sets so obtained, we arrive at a 
class &,4 having all the properties listed. 

We shall say that the function f(Z) is concentrated outside & if f(A) =0 
for all A€ &; we shall say that a function f of V“ is concentrated in & if 


(Var f)(E) = sup(Var f)(4) 
ACE 
AES 
for every Borel set E.7 If f is concentrated in a set A of &, ie. 
f(E) = f(ENA) for every Borel set E, then obviously f is concentrated in &. 


But the converse also holds: if f is concentrated in &, then tt 1s concentrated 
ina set A of F. 


7 Since, by assumption, §F is not empty, it contains all the single-point sets, by the 
properties 1. and 3.; therefore there exists sets A of § contained in E. 
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For if f is concentrated in &, then for every 1 there exists a 4,€ & such 


that (Varf)(4,) > Varf—1/n. For A= U A, we then obtain 


=f 

(Var f)(A) = Var f; here A€ & (property 2.). Obviously: f(E) =f(EN A) 
for every Borel set E. 

If f, ts concentrated in & and fo outside F, then Var (f:+ fe) = 

Var fi-+ Varfe. For by what has already been proved, f; is concentrated 

in a certain 4€%; obviously, fe is concentrated in CA. Now we have 


Var (f1 + fo) = (Var (f1 + fe)) (4A) + (Var (f1 + fe)) (CA) = 
== (Var f;)(4) + (Var fe)(CA) = Var fi + Var fe. 


If f, and fz are concentrated in &, then every linear combination Ayfy + dofe 
of f1 and fais also concentrated in &. For by what has already been proved, 
fi is concentrated in a set 4,€ and fo, likewise, in a set 42€& ; but then 
both these functions, and hence every linear combination of them, is con- 
centrated in 4 == A,;U Ap and therefore in &. Obviously, if f, and fo are 
concentrated outside &, then every linear combination dyf1 + Aofe of f, and fe 
is also concentrated outside &. 

Every function f of V'®) can be decomposed uniquely into the sum of 
two terms, also in V"), one of which is concentrated in & and the other 
outside &. By what has just been proved, it is sufficient to show the pos- 
sibility of a decomposition of this form for measures, because every function 
f(E) in V® is a linear combination of measures. We put 


feQ= sp fA» for O=fO—-fz ©. 

4er 
It is easy to verify, using the properties 1. and 2., that f,(£) (and hence 
also fcog(£)) is completely additive. Obviously f(4) —=f,(A4), and conse- 
quently fog(A) ==0 for every A4€F. Thus, fog is concentrated outside &. 
Furthermore, f,(E) = sup f(A) = supf,(A), ie., fg is concentrated in &. 

ACE ACE 

ACSF ACS 
Suppose now that f=f1+ fo==fs+ fs, where f; and fs are concentrated 
in & and fe and f, outside ¥. Then 


O= (f:—fs) + (fe—fa), 


and since f; —f3 is concentrated in & and fo—f, outside F, we have, by 
what was proved earlier, 


O= Var (f1 —fs) + Var (f2— fa), 


from which it follows that fg==f, and f,— fo, 1.e., that the decomposition 
of f is unique. 
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4, The set Vog of all functions of V™ concentrated outside & is an ideal 
of V‘), For, as we have shown, Vg, is a linear system. Suppose now 
that f€ Ves and A is an arbitrary set of & ; then 4 —t also belongs to & for 
every ¢ (property 3.); therefore f(4 — t) =0 and hence 


f 4—ddf(t) =0, 


i.e., f¥f1€ cg for an arbitrary function f,EV ©). 

The set V, of all functions of V concentrated in & is a subring of V., 
For, as we have shown, /’, is a linear system. It remains to show that if 
fr and fee€V,, then f;¥feEV,. Obviously, it is sufficient for this purpose to 
confine ourselves to the case where f,(£) and fe(E) are measures. As we 
have seen above in the proof of the linearity of the system V’,, the functions 
f: and fg are concentrated on a set A€%; we can obviously assume here 


that 4 contains the point 0 and that therefore lim (2")4 =X exists. X is 
n> oo 


the sum of a countable number of closed sets and, by the properties 4. and Z., 
belongs to &. We shall show that the function f;* fs 1s concentrated in X. 
We have 


fAlE—ddf.() = f fi(E—ddfolt) = 
—0o ax 


= f pA((EN xX) —dafelt) + f f(ENCX) —dafolt). 
XY a 


But X == (2)X; therefore the set (EN CX) —+t is entirely contained in CX 
for f€ X, because otherwise the sets EN CX CCX and X + tC X would inter- 
sect, which is impossible. Consequently the last integral on the right-hand 
side is equal to zero, because | fi((ENCX) —t) | S Var f,(CX) =0, and 
we obtain 


f f(E—daf.(t) = ffi(ENX) —ddfelt) = 
-—0o x 


= f fi((ENX) —Adfa(?), 
—oO 
i.e., {1% fe 1s concentrated in X. And since X€ &, we have fi *fo€ Vg. 
3. Now let I" be the discrete additive group of all real numbers and X, 
the set of all characters y(t) of I‘ that are measurable with respect to every 
measure f(£)€V) concentrated in &. X, in any case contains all the 
continuous characters e’*. For every function f€V“) we form the integral 


f y(t)df,(t), where y(t) is an arbitrary fixed character of Xs. We obtain 
—0o 
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in this way a homomorphic mapping of V © into the field of complex num- 


bers. For fis +- fos € Vos fice + feos € V os, and consequently, (fs + fa)e = 
fis + fes, and hence a sum of functions corresponds to the sum of the appro- 
priate integrals. Furthermore, 


fifo fie fos + (fis * foce + fice ¥ fos + fice ¥ fece) ; 


the first term on the right-hand side is a function of ,, because l’, is a ring; 
the expression in parentheses on the right-hand side is a function of cg, 
because cg is an ideal of V © ; therefore (f1:% fe)s == fis ¥ fos. But for every 
character y(t) of X, 


fxd (fre % fos )(t) exists 


and is equal to i) x(t) dfig(t) f x@)dfee (t). (1) 


It is sufficient to prove this for the case where fig and fog are measures. 
As we have seen above in the proof of the fact that /, is a ring, fig and fas 
are concentrated on a set X of & such that (2)X =X. Since y(t) is measur- 
able on X with respect to the measures f,, and fog, the function y(¢ + t) = 
y(t)y(t) is measurable in the topology of the square X X X with respect 
to the product of these measures. Furthermore, 


ffx afr) afoot) = 


AX 


—- f fxOx® dfi,(t) dfog(t) es 


xi 
= fx) dfrelt)  fx(t) feet) = 
xXx x 
= fixlt) afro) fx) afee(x). (2) 


But on the other hand, by applying Fubini’s Theorem and bearing in mind 
that X C X —t for TEX, we obtain 


ffx 40 dficlt) dfse(t) = 


Zxz 
X \s 
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— J( fxtty dfie()) afar) = 


xX \sX-+t 
= S( fo tho (t— 9) dfeg(t) = 
X \& 


= fix(t)d ff fe(¢—1) dfop(t) = 
X 


x 


= f x(t)d f fie(t—t) dfoe(t). (3) 


By comparing (2) and (3), we obtain the required equation (1). Thus, we 
have shown that the convolution of functions corresponds to the product 
of the appropriate integrals; the proof of our statement is now complete. 

Let Mx, denote the maximal ideal generated by the mapping in question. 
Thus, 


f(Mrs) = f xafo(t) ; 


it is assumed here that the character y(t) is measurable with respect to all 
the measures of V >) that are concentrated in &. 

If the class & contains at least one set of positive measure, then it coin- 
cides with the collection of all sets F,. For suppose that & contains the set 
A of positive measures, then & also contains (2)A (property 4.). But, by 
the lemma, (2)A contains an entire interval; therefore & contains an interval 
(property 1.). And then, by properties 1., 2., and 3., & contains every set F,. 

But in that case f,(t) is simply f(t); the only characters of I‘ that are 
measurable with respect to all the measures of ©) concentrated in & are the 
continuous characters e*, Thus, we obtain here as maximal ideals M,, 
the absolutely continuous maximal ideals M@, that we know already. 


6. A contrasting case—a much narrower class &—is given by the class 
of all countable sets (which obviously satisfies all the requirements we have 
imposed and is a subclass of every class &). For this class, fx-(¢) is the jump 
function of f(t); every character y(t) of I’ is measurable on all the sets of f°. 
Thus, we have here as maximal ideals Mx, the discrete maximal ideals we 
found in § 30.2 above (and that is why we denoted them by Mx,, ). 


7. Let us now discuss the case where all the sets of & have measure 0 and 
& also contains uncountable sets. Such a class, for example, is the class 
&» constructed in the manner indicated above by starting out from an 
arbitrary perfect set F for which (x)F has measure 0 for every n. We shall 
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show that the maximal ideals Mx, here are different from M, and Mxy. 
In fact, for every absolutely continuous function g(t) we obviously have 
gs(E) = 0, because, by assumption, all the sets of & are of measure zero. 
Therefore g(M,,) ==0 for every My,; and hence M,, is different from all 
M,, because for every M, there exists an absolutely continuous function g(t) 
such that g(M@,) 0. Now let E be an arbitrary non-countable set of &. 
This contains a certain perfect subset F, Let f(t) be an arbitrary non-zero 
singular function whose total variation is concentrated on F; such a func- 
tion can be constructed by the same method as the one that is used in con- 
structing a singular function that maps Cantor’s perfect set onto an interval. 
Since f(£) is concentrated on F and FE &, we have fEeV,. By the unique- 
ness theorem for the Fourier-Stieltjes integral, there exists a point so such 
co 


that f etd f(t) 40. Now let y(t) be an arbitrary character of X,. Then 


a CO t 


ety (f) also belong to Xs. Therefore o(t)= f eft (¢)df(t) exists. 
—oo 
Obviously, @(t) is a function of bounded variation concentrated on F, But 


SxO49,0= fxrOao= 


oO 


oo t 
=e fx@a fet O af) = f ets af (e) ~ 0. 


—CO 


Thus we have shown that for every maximal ideal M,, there exists a con- 
tinuous function pEl ©) such that p(M,,) #0. But it follows from this 
that the My, are also different from all the M,y, because 9(Myy) =—0 
for every continuous function peéV), 

The construction just described gives us not only the maximal ideals M, 
and M, x, which we know already, but also new maximal ideals, which we 
shall call singular. 


§ 32. Perfect Sets with Linearly Independent Points. 
The Asymmetry of the Ring V“? 


1. The method of constructing maximal ideals in /°) explained in the 
preceding section enables us to obtain some results of a negative character 
concerning this ring. In this section we shall show that V) is unsymmetric 
and that the absolutely continuous maximal ideals are not everywhere dense 
in the space (V/V). The proof of both facts will be based on the existence 
of perfect sets with linearly independent points. 
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A set with linearly independent points is a set on the real line every finite 
system (Ay, ..., Ax) of pairwise distinct points of which is linearly independ- 
ent over the field of rational numbers, i.e., an equation mA, +... + nA, =D, 
where 71, ..., m, are integers, implies that my ==...—=n,=—0. 

LeMMA I: If the system (Ay, ..., Ay) ts linearly independent, then every 
non-countable set on the real line contains a number i for which the system 
(Ax, ..., Ax, A) is also linearly independent. 

For, the numbers A for which the system (Aj, ..., Ax, A) is linearly depend 
ent form only a countable set. / 


We shall say that the system (Ai, ..., Ay) 18 linearly independent of rank n 
if an equation 7A; -+...+ 2,A,==0, where 1, ..., n, are integers of abso- 
lute value not exceeding n, implies that 1; ==...==n,==0. In the contrary 
case, we shall call the system (Ay, ...., Ax) linearly dependent of rank n. 

LEMMA 2: If the system (My, ..., Ax) is linearly independent, then for 
every n >0O there exists an & > 0 such that every system (hy, ..., hy’) satis- 
fying the inequalities | Ay’ —)i | <,..., | Ax’ —Ay| < € ts linearly independ- 
ent of rank n. 

For the set of points of k-dimensional space whose coordinate system is 
linearly dependent of rank n is closed, as the union of a finite number of 
hyperplanes mpi +...-+ metex==O0 (|m1 | Sn, ..., ||), so that a 
point (Ai, ..., Ax) that does not occur in this set is separated from it by a 
sufficiently small neighborhood. / 


THEOREM 1: Every perfect set P on the real line contains a perfect subset 
II with linearly independent points. 

Proof: Let P® be the set obtained from P by removing the end-points of 
all intervals contiguous with P. Since P® is not countable, it contains, by 
Lemma 1, a pair of linearly independent points. Let A be the interval having 
these points as end-points. In consequence of Lemmas 1 and 2, we can 
remove from this interval an interior interval 6 whose end-points belong 
to P®, so that the system of four points formed by the end-points of the 
remaining intervals Ap and A, ‘of the first rank’ is linearly independent, the 
lengths of these intervals are less than 1, and every pair of points, one each 
from each of the intervals, is linearly independent of rank 1. Next, by the 
same Lemmas 1 and 2, we can remove from the intervals Ap and A, interior 
intervals 69 and 6, with end-points belonging to P® such that the system 
formed by the eight end-points of the remaining four intervals ‘of the second 
rank’ Apo, Ao1, A1o, Ari is linearly independent, the length of each of these 
segments is less than 1/2, and every quadruple of points, one each from 
every segment, is linearly independent of rank 2. Continuing this construc- 
tion indefinitely, we obtain at the n-th step a set II, that is the union of 2” 


§ 32. AsyMMETRY oF (4) 189 


pairwise disjoint intervals of rank n and of length < 1/n whose end-points 
belong to P® and form a linearly independent system and are such that every 
choice of points one from each interval forms a linearly independent system 


oO 
of rank ». Let I] = ‘a II,. By construction, II is a perfect set. Since 
n=] 


each of its points is a limit point for the set of end-points of the contiguous 
intervals and the latter are chosen by construction from P, we have II CP. 
We claim that every finite system (Ai, ..., Ax) of points of IT is linearly 
independent. For let d be the least of the distances between points of this 
system. Then for x > 1/d no two of its points can belong to the same interval 
of rank n. Therefore it is linearly independent of rank n, because otherwise, 
by adding arbitrarily one point each from all the 2"--& intervals of rank n 
that do not intersect it and by giving to each of them the coefficient zero, 
we would obtain a system of points, one from each interval of rank n, that 
is linearly dependent of rank n, in contradiction to the construction of these 
intervals. Since » is arbitrarily large, we conclude that the system 
(Ai, ..., Ax) is linearly independent. / 

*2. Note: In exactly the same way, one can prove the following more 
general theorem. 


THEOREM 1’: Every perfect set P on the real line contains a perfect subset 
II with algebraically independent points. 


3. Lemma 3: /f II is a perfect set with linearly independent points and F 
the minimal class of sets F, containing it and satisfying the conditions 1.-4. 
of the preceding section, then the set —II intersects every set of F in not 
more than a countable set of points. 


Proof: §& consists of subsets of type F, of all possible finite or countable 
unions of sets of the type (n)II —¢. Therefore it is sufficient to prove that 
— II intersects every set (x) II —# in not more than n+ 1 points. But if 
—II were to intersect (n) II —t in n+ 2 distinct points, i.e., if we had 
n-+ 2 equations of the form 


xO4 1... + x) —t=—x, (i=1,..., n+ 2), 


where all the x;, +,€ II and the points *; are pairwise distinct, then by 
eliminating t we would obtain n + 1 equations of the form 


e+ 06. xO4 x, = xO ... $f xO + x, 
(i —=2,..., n+2), 


but since the points of the set II are linearly independent and all the +; are 
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distinct from x, this would imply that for every i in question there would 
exist an index j, for which +,—= ri, But there are »-+ 1 points x; here, 
whereas the number of indices 7; is not more than ”. / 


THEOREM 2: The ring V) ts unsymmetric. 
Proof: V), regarded as a ring of set functions on the line, admits the 
natural involution f— f*, where 


f*(E) = f(—E) (1) 


for every Borel set E. From the formula (1) it follows that 


f exp (ish)df*(1) = f exp (ish) df(Q) (2) 


for all real values of s. But in § 30 we saw that every element of is 
uniquely determined by its Fourier-Stieltjes transform, i.e., by its values 
on the absolutely continuous maximal ideals. Therefore, if V“) were sym- 
metric, the equation (2) would imply that the element conjugate to fEeV' 
in the sense of the Definition 1 of § 8 has to be precisely the element f* that 
is defined by formula (1), with the equation (2) extending to all maximal 
ideals, 1.e., 


f*(M) = f(M) (3) 


for all MEM(V™). But this is not true, because there exist fEV® and 
MeEeM(V®) such that f(M) ==1 and f*(M)—=O0. For let II be a perfect 
set with linearly independent points and & the class of sets of Lemma 3 
determined by it. We choose an arbitrary monotonic singular function f(¢) 
of variation 1, concentrated in II, and let M—=My,_5, where xYo(A) =1. 


Clearly, f(E)€V,_ and f(My.) = f dj, = f df—1. On the other hand, 


since the total variation of f is concentrated in II, the total variation of f* 
is concentrated in — II. But then it follows from Lemma 3 that f* EM og, 
and hence f*(M,,¢) =0. / 


CoROLLARY: The set of absolutely continuous maximal ideals 1s not 
everywhere dense in the space of maximal ideals of V). 

For whatever fE€l’) we choose, by formula (2) the equation (3) holds 
for all absolutely continuous maximal ideals M@. But if the set of these 
maximal ideals were dense in Mt(V), then the equation (3) would extend 
to all the MeEM(V) by the continuity of the functions f(/) that generate 
the elements fE lV), But this would mean that V ‘) 1s symmetric, in contra- 
diction to Theorem 2. / 
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*4, With the help of the construction of singular maximal ideals explained 
in the preceding section one can show [67] that the set of absolutely con- 
tinuous maximal ideals is not dense relative to the boundary of the space 


M(V). 


5. THEOREM 3: There exists a function ®(s) (— 0 <s< 0) that ts the 

Fourier-Stieltjes transform of a function of bounded variation and satisfies 

the condition inf | ®(s) | > 0 such that 1/®(s) is not the Fourier- 
-O <8 <oO 

Stieltjes transform of any function of bounded variation. 

Proof: An example of a function that has these properties is the Fourter- 
Stieltjes transform of the function @(t) = f(t) — f*(t) —e(t) EV, where 
f(t) is the function considered in the proof of Theorem 2 and ¢(t) is the unit 
element of ’). For by (2), 


—Co 


®(s) = 2i% ( f exp ) 2, 


and therefore inf | @(s)|=1. On the other hand, since f(M,,s) = 1 


-O <§< 0 
and f*(M,.¢) ==0, we have p(M,,5) ==0; consequently the element pe V © 
does not have an inverse in / ©) and therefore 1/®(s) cannot be the Fourier- 
Stieltjes transform of a function in VO), / 


THEOREM 4: Let F(s) be the Fourier-Stieltjes transform of the function 
fEeV©®) and f(t) g(t) + h(t) + s(t) its decomposition into the absolutely 
continuous, discrete, and singular parts. If 


1) inf |F(s){>0 
—-o <8 <0 
and 
2) |s< int | ff exp (isayan@}, 
OES CO he 


then 1/F(s) is also the Fourier-Stieltjes transform of a function of V©), 
Proof: We have to show that 


f(M) = g(M) + h(M) + s(M) 40 


for all maximal ideals M of V). For the absolutely continuous maximal 
ideals this is true in consequence of the condition 1). By the Corollary to 
the lemma of § 30, for all the remaining maximal ideals g(7) —0, so that 
f(MZ) =h(M) + s(M). The homomorphic mapping V° > 7) /M induces 
a homomorphic mapping of H into the field of complex numbers. By 
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Theorem 2 of § 29, under this mapping h(t) goes over into a number belong- 
ing to the closure of the set of values of h{M,). Therefore, by condition 2), 
| h(M) | > | s || = | s(M) | and consequently f(M) = h(M) + s(M) 40. / 


§ 33. The General Form of Maximal Ideals of the Ring V® 


*1. All the maximal ideals of ’) considered thus far are obtainable by 
the construction explained in § 31. But this does not give the entire space 
M(V). The general form of the maximal ideals of /‘%) was found by 
Shreider [67]. In this section we shall give an account, essentially without 
proof, of the results obtained by him. 

We shall treat the elements of /”), as before, as set functions and we 
shall call non-negative real set functions of /“) measures. Two measures 
are called mutually singular if on every Borel set on which one is positive, 
the other is equal to zero. Every function f€V can be uniquely repre- 
sented in the form 


f(E) = fi(E) — falE) + tfs(E) — 1f4(E), 


where fj, fe, fz, f4 are measures and where f, and fe, and also fs and f,, are 
mutually singular. The variation (Var f)(£) of the function fEeV® on a set 
E is defined as the sum of the variations of its real and imaginary parts. 
We say that the function fEV© ts absolutely continuous with respect to the 
function gEV) if (Var f)(E) 0 whenever (Var g)(E) 0. We shall 
denote this by writing f-3 g. We say that a certain statement is true almost 
everywhere relative to f€V if it can be false only on a set E for which 
(Var f)(Z) =0. 

To find the general form of the maximal ideals M of /“) means this, 
that we have to find the general form of their generating linear functionals 
M(f) = f(M) (M fixed, f variable) that can be characterized as multiplicative 
linear functionals on V), i.e., non-zero linear functionals satisfying the 
additional condition 

M (f*g) = M(f)M(g) 
for all 
f, ge V (8), 


The starting point for this is the representation of arbitrary linear functionals 
on ’°® to be given below. 


*2. A function q,(t) of the real variable t and the variable element f of 
V+) will be called a generalized function if it satisfies the following condi- 
tions: 1) q,(¢), for every fixed f€V ©, is a function of ¢ that is measurable 
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with respect to f, i.e., with respect to the measure (Varf)(£); 2) if fg, 
then ;(t) = q,(t) almost everywhere relative to f. 

THEOREM 1: L(f) is a linear functional on V) if and only if it can be 
represented in the form 


Li\= f otyaf(a), (1) 


where o,(t) 1s a generalized function for which 


|| Pe || = | 2 ) =seepes orn |e) |< 0. 
t 


What must a generalized function q,(t) look like so that the linear func- 
tional (1) generated by it is multiplicative, i.e., coincides with the linear 
functional M(f) generated by some maximal ideal? 

A generalized character is a generalized function y,(¢) satisfying the 
condition 


X1(S + t) = 74(s)x7(2) 


for almost all pairs (s, t) relative to the product of the measures Var f & Var f 
and, in addition, the condition 


ur [= 1. 


THEOREM 2: f—M(f) is a homomorphism of V© into the field of 
complex numbers, 1.e., M is a multiplicative linear functional on V, if and 
only tf 


foe) 


M(f)= f relt)af(?), 


—cOo 


where y(t) is a generalized character. 

Suppose, in particular, that M/,, is a maximal ideal of V“) determined by 
a class & of sets F, satisfying the conditions 1.-4. of §31 and that y(t) isa 
character of I‘ that is measurable with respect to all the measures that are 
concentrated in & ; thus, 


Myo(f) =f(Mxe) = f x()afeld), 


where f, is that part of f that is concentrated in &. As was shown in § 31, 
the total variation of the function f, is concentrated in a set X such that 
X+X=X. We put 
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y(t) for all tex, 


X(t) = 
O for all te x. 


It is not difficult to verify that y,;(t) is a generalized character and that the 
maximal ideal M determined by it coincides with M,,. Let V) ==V,+ Vo, 
be the decomposition of the ring V into the semi-direct sum of the mutually 
singular subring and the ideal generated by the set &. Obviously, V, can 
be characterized as the set of those f€V ©) for which y,(¢) 4O almost every- 
where relative to f, and lc, as the set of those g€ lV) for which y,(t) = 0 
almost everywhere relative to g. Now it turns out that this is a general 
property of generalized characters. 


*3. THEOREM 3: Let M be an arbitrary maximal ideal of V and y,(t) 
the generalized character corresponding to it. Then the set of those fEeV© 
for which y,;(t) 0 almost everywhere relative to f forms a subring R of 
V(>) ; the set of those gEV for which y(t) =0 almost everywhere relative 
to g forms an ideal I of V“), and 


1) any two functions fER and gel are mutually singular; 


2) every function fEV" can be uniquely represented in the form of a 
sum f=fr+f1, where freR, frel. 


Thus, every maximal ideal of /“) determines a decomposition of this ring 
into the semi-direct sum of a mutually singular subring and ideal and 1s 
obviously in turn uniquely determined by the maximal ideal that it induces 
in this subring. But conversely, given an arbitrary decomposition of the 
ring 1’) into the semi-direct sum of a subring RK and an ideal /, every 
maximal ideal M’ of R or, what is the same, every homomorphism fr— fr(M’) 
of this subring into the field of complex numbers generates a homomorphism 
f—fr(M’) (where fr is the component of f in R) of the entire ring V), ie., 
generates a maximal ideal M of that ring. Thus the problem of finding the 
maximal ideals of ©) reduces to that of finding all possible decomposi- 
tions of this ring into the semi-direct sum of a mutually singular subring 
and ideal followed by the determination of the maximal ideals of the sub- 


ring thus obtaimed; this subring has, in any case, the obvious maximal 
ce 


ideals determined by the homomorphisms fr— f y(t)dfr(t), where x(t) 


are arbitrary characters of I’, measurable with respect to all functions 
fr€R. It was in just this way that the maximal ideals M,, were obtained 
in § 31. However the decompositions thus obtained of V) into the semi- 
direct sum of the mutually singular subring V, and the ideal Vg are not the 
only possible ones. 
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*4,. THEOREM 4: Let X be an arbitrary set of characters of I’, Rx the set 
of all functions fEV®™ with respect to which every character x of X 1s 
measurable, and Ix the set of all functions ge V ©) that are singular for every 
function of Rx. Then Rx is a subring and Ix an ideal of V, and V™ is 
their semt-direct sum. 

THEOREM 5: Let be a non-zero continuous measure concentrated in a 
perfect set II wnth linearly independent points. Then the subring R of 
V®) formed in accordance with Theorem 4 by all the functions fEeV™) with 
respect to which every character is measurable, provided it is measurable 
with respect to @, does not coincide with any of the subrings V, constructed 
by means of the scheme of § 31. 

Let us sketch a proof of this theorem. Suppose, in contradiction to the 
theorem, that RK = l’,, where & is some class of sets F, satisfying the condi- 
tions 1.-4. of §31. Since mER, is concentrated in a certain set PEF, 
and we may assume that PCII. Since the set P is uncountable, there is 
also a non-zero continuous measure w concentrated in it that is singular 
with respect to @, so that there exists a decomposition of P into disjoint sets 
P, and Py such that g is concentrated in Pp and pin Py. Let [—=AUB 
be the decomposition of the real line into two complementary totally im- 
perfect sets.2 We put 


l if t€ Po, 
x(t) = 1 if tEPyNA, 
—1 if tEePy OB. 


Since P is a set with linearly independent points, x(t) can be extended to a 
character of I’. Obviously, it is measurable with respect to m but non- 
measurable with respect to y. Therefore y is not in R. But being concen- 
trated in PEF, wis in V,. The contradiction proves the theorem. / 


CoRoLLaARY: There exist maximal ideals of V) that cannot be obtained 
by the construction of § 31. 


An example of such a maximal ideal is the maximal ideal M defined by 
the homomorphism f—- f dfr, where FR is the ring of Theorem 5. For 


suppose, to the contrary, that M coincides with some maximal ideal Myg, 
so that for all fe") we have the equation 


fento= fu (t) df, (¢) 


8 J.e., sets that do not contain perfect subsets; see F. Hausdorff, Set Theory, New 
York, 1962, p. 201. 
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Since the measures that are concentrated at one point belong to V’,, we 
conclude, first of all, that y(#)==1. Thus, for all f€V‘>) we must have the 
equation 


f die= fate (2) 


But since the rings R and V, do not coincide, we can find a measure f that 
belongs to one of them but not to the other, and equation (2) obviously 


cannot hold for this f. 


PART ITI 
CHAPTER VI 


REGULAR RINGS 


1. In this chapter we shall be concerned mainly with normed rings of 
functions. It will become apparent that the reason that many rings of func- 
tions have theorems in common is closely connected with the fact that these 
rings have functions x 0 that vanish on an arbitrary given closed set of 
maximal ideals. For example, Wiener’s well-known Tauberian theorem, 
which will be discussed in § 40, appears as a corollary of just such a prop- 
erty of the ring of absolutely convergent Fourier integrals. Rings having 
this property, which will be formulated precisely in Definition 2 of § 34, 
are called regular (from the name of a topological space with the correspond- 
ing axiom of separability). 


§ 34. Definitions, Examples, and Simplest Properties 


1. Let R bea normed ring and Mt, the space of its maximal ideals. Accord- 
ing to § 4, to every element x of F there corresponds a continuous function 
x(M) defined on MN such that the mapping + — +(M) is an isomorphism, 
provided F has no radical, so that R can be identified in this case with the 
ring R of functions +(M). 

DEFINITION 1: The skeleton of an ideal J of a normed ring RF is the set 
F of all points of the space t= Mt(R) at which all the functions +(J/) 
corresponding to elements 7€J vanish. 

By Theorem 1 of § 2, every proper ideal J C R is contained in some maximal 
ideal My. But in accordance with §4, the relation +9€ Mo means that 
xo(Mo)==0. This shows that the skeleton of every proper ideal 7CR is 
non-empty. On the other hand, the skeleton of the improper ideal /==R 
is obviously the empty set. Since every continuous function that is zero 
on a set S is also zero on the closure of that set, the skeleton of every ideal 
ICR 1s a closed subset of the space M. 


*2. Thus, associated with every ideal J of R is a closed set FCNt—the 
skeleton of the ideal. The converse statement, that every closed set of M 
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is the skeleton of an ideal JCF is not true in general. For example, in the 
ring A of functions that are analytic in the circle |¢| <1 and continuous 
in the circle | ¢ | 1 every function that is equal to zero on a closed set F 
having a limit point in the interior of the circle is identically equal to zero; 
therefore such a set F, if it does not coincide with the whole circle | | <1, 
cannot be the skeleton of any ideal of A. 


3. DEFINITION 2: A normed ring R without radical is called regular if for 
every closed set FCW = M(A) and every point Mp, not belonging to it there 
exists an element x€R such that the function +(M) vanishes on F and is 
different from zero at MVM = Mp. 


Since a regular ring is by definition a ring without radical, we can 
regard it as a ring of functions on M and as a rule we shall do so. 


*4. Examples of regular rings are the ring C(S) of all continuous complex 
functions on an arbitrary compactum S (this follows from the normality of S 
by the well-known theorem of Uryson) and the ring of all functions having 
continuous derivatives up to a given order (on an interval, or in a closed 
domain of n-dimensional space). The ring 4 (§1.2) and other rings of 
analytic functions are, of course, not regular. The ring W of absolutely 
convergent trigonometric series is regular, because 1t contains every function 
with a continuous derivative. 

Let us prove the regularity of the ring V of absolutely integrable functions 
on the line with convolution as multiplication and with a unit element e 
adjoined (§ 16). 

As we have seen in § 17, the space of maximal ideals of V can be identified 
with the real line — 0 <5 < o, supplemented by the point at infinity and 
furnished with the topology of the projective line; here for 3 == Ae + x(t)EV 
we have 


h-b x~(s) = A+ f x(t)exp (ist)dt for M—=M,, 
a(M) = —o0 
d for M=M.. 


We shall show that for every point M°EM(V) and every neighborhood 
U(M°®) of this point there exists an element 3—=Ae+ x(t)E€V for which 
3(M°) 40 and 3(M) 0 everywhere outside U(M°). Suppose, to begin 
with, that M°—M,, where s) 4 00. We take an arbitrary function y(s) 
having a continuous second derivative y’(s) that is different from zero at 
s== So and equal to zero outside a finite interval U(so) contained in the 
given neighborhood U(M,,). The function 


x(t) (Za) f y(s) exp (—its)ds 
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is obviously bounded and continuous. Integrating by parts, we obtain 
co 
x(t) == — (2n)-1 f{ y’’(s) exp (—its)ds, 
—0O 


so that t#x(t) is also a bounded function. Hence it follows that 


|*(t)| SC/[1+?], 


and therefore x(t) belongs to /. By the inversion formula, 


x~(s) = f x(2) exp (its)dt = y(s), 


and so 3== x(t) has the required properties. 

If M=M,, we can construct, in the same way as above, a function +(t) 
for which +~(s) = 1 on the complement (which is contained in a finite inter- 
val) of the neighborhood U(M,,) and, as is true of every absolutely integrable 
function, x(M/,,) 0. But then 3 = e— x(t) satisfies the conditions stated. 


2. In a regular ring FR it is easy to construct an ideal whose skeleton is a 
preassigned closed set F CM. In fact, the set of all functions x+(M/) that are 
equal to zero on F obviously forms an ideal J; on the one hand, its skeleton 
F(Z) contains every point of F, and on the other hand, by the condition of 
regularity, it does not contain any point Mp» not belonging to F. Thus, 
FU) =F. 

Every ideal / with the skeleton F will be said to belong to the set F, and 
the ideal constructed by the rule just given will be denoted by /(F). Note 
that, by its very definition, /(F)is the intersection of all maximal ideals that 
make up the set F and is therefore a closed ideal. 

We form the residue-class ring R/I(F). By definition, two functions 
x(M) and y(M) belong to the same residue class if their difference belongs 
to I(F); in other words, +{(M) and y(M) are in the same class if and only 
if these two functions coincide on F. Consequently, we may identify the ring 
R/I(F) with the ring Rp formed by the restrictions of the functions +(M/) 
of F to the set F, 1.e., with the ring of all functions defined on F and extend- 
able from this set to functions of RF on the entire space Jt, where the norm 
of every such function is given by the general formula (2) of § 2, which in 
our case assumes the form 


| + lap |] # [erry int | I 


the lower bound being taken over all functions y(M)€R that coincide with 
x(M) on F. 
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We shall now show that the space of maximal ideals of R/J(F) can be 
identified with F as regards both the elements and the topology. Since Rp 
is a ring of functions defined on F, every point M €F determines a maximal 
ideal of Ry; and distinct points M,, Mz€ F determine distinct maximal ideals, 
because they even differ by some element of R. Conversely, if M’ is a 
maximal ideal of R/I(F), then, in accordance with Note 2 of § 2, its com- 
plete inverse image M in R is a maximal ideal of R containing J and conse- 
quently belongs to fF. Thus, F is the set of all maximal ideals of the ring 
Ry=R/I(F). And since the functions of R coincide on F with the cor- 
responding functions of Fy, it is clear that the topology of F as the space of 
maximal ideals of Ry also coincides with its topology as a subspace of the 
space Nt of maximal ideals of R. 

THEOREM 1: Let an ideal I (closed or not) of a xegular ring R have as 
its skeleton a set FCM—M(RK). For every closed set DCM having no 
points in common with F there exists a function y(M)€lI that ts equal to 1 
at all the points of ®. 

Proof: We consider the residue-class ring R/I(®) and the image I’ of I 
in this ring. J’ is an ideal in R/J(®). If it were to belong to a maximal 
ideal M,’ of R/I(®), this would mean that all the functions +(M’) €/’ vanish 
at M,’. But the functions +(M’)€J’ are images of functions +(M) €/, and 
so we would find a point My)€® at which all the functions (MM) €/ vanish; 
but this is impossible, because J belongs to the set F, which has no points 
in common with ®. Therefore the ideal J’ does not belong to any maximal 
ideal of R/I(®) ; but then it coincides with this entire ring and, in particular, 
contains the unit element of this ring. We examine the function y(M)€/ 
that is carried under the homomorphism R— R/I(®) into the unit element 
of R/I(®) ; this function assumes the value 1 at all the points of ® and there- 
fore satisfies the requirements of the theorem. / 


CoroLLary: For any two disjoint closed sets F, and Fe in the space of 
maximal ideals of a regular ring R there exists a function e(M)ER that ts 
O on Fy, and 1 on Fo. 

For the proof, it is sufficient to apply Theorem 1 to the ideal J == I[(F;) 
and the set D= Fo. / 


§ 35. The Local Theorem 


1. Theorem 1 of § 34 and its corollary enable us to establish ‘local’ theorems 
of the Wiener type for regular rings. Norbert Wiener proved the following 
theorem in 1933: If f(t) coincides in a neighborhood of every powt 
ty (10 <ty < ©) with a function plt;to) that can be expanded in an 
absolutely convergent Fourier series, then f(t) can itself be expanded in an 
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absolutely convergent Fourier series. It turns out that an analogous propo- 
sition is true for every regular ring: 


THEOREM 1 (The ‘Local Theorem’): Let f(M) be a function defined on 
the space Mt of maximal ideals of a regular ring R. We assume that for 
every point MoEM there is a neighborhood U(Mo) in which f(M) coincides 
with a function «(M;Mo) of R. Then f(M) ts itself an element of R. 


The proof is based on the following lemma (which we shall need in 
Chapter VII also). 


LEMMA (On The Decomposition of the Unit Element): For every cover- 
ing of the space Mt of maximal ideals of the regular ring R by non-empty 
open sets U,,..., Un there exist elements hy,...,hna€R such that 


1) hj{M) =0 exterior to U; (j=—1,...,n); 
n 
2) 2 h;(M) =1. 


The proof of the lemma will be by induction on n. Let n==2; this means 
that Mt is covered by two sets U; and Us» and that Fy =M\ VU; and 
Fo==M\_ Us are closed and disjoint. By the Corollary to Theorem 1 of 
§ 34, there is a function h,(M) in R that is equal to 0 on F, 1.e., exterior to 
U,,and tol on F.,. But then the function he(M/) = 1 — h,(M) is equal to 0 
on Fo, 1.e., exterior to Us, and, by construction, h1(M7) + ho(M)==1. Thus, 
the lemma is proved for n= 2. 

Now let » > 2 and assume the lemma true for a covering of the space 
of maximal ideals of every regular ring by n—1 sets; we shall show 
that it 1s also true for the covering of R by n non-empty open sets. Let 
Uy, ..., Un—1, Un be such a covering and let F—=IM\ U,. F is closed 
and is contained in the open set U,;U...UU,_1. Since It is a normal space, 
there exists a non-empty open set UCM such that 


FCUCUCUW.U...UU4_1. 


Let us examine the residue-class ring R/I(U); by what has been shown 

in § 34, we may assume that it is formed by all the functions x(M) given on 

U and extended to functions of R on the entire space Nt and that it has U 

as its space of maximal ideals. From the regularity of R it obviously follows 

that R/I(U) is also regular. By hypothesis, there then exist functions 

hy’(M), ..., hy-1(M)ER/I(U) such that h/(M)=0 on U\(U;NU) 
n-1 


(j=1,...,n—1) and SA/(M)=1 for all MEU. On the other hand, 
j=l 


M is covered by the two non-empty open sets U and U,, and therefore, by 
what has been proved above, there exist functions h(M), h»(M)¢€R such 
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that A(M) =—0 outside U, h,(M) =0 outside Un, and h(M)+ h,(M) =1 
for all MEM. Let 


hj’(M) == 1 ..fcagi—1) 


be functions of R that map, under the homomorphism R— R/I (U), into 
the functions h;/(M), respectively. We put 


h,(M) =hj’(M)h(M) (j=1,...,n—1). 
Then h;(M) =O outside U; (j=1, ..., n—1), because at the points 


MeU\ _U; the factor h/’(M) is zero and outside U the factor h(M) is zero. 
Furthermore, h,(M/) =—0 outside U,, by construction. Finally, 


nr m—1 
2 hi) = 2 hia) (a) + h,(M) = h(M) +h, (M)=1. 
j= = 


Thus, the functions 4;(M), ..., Aa(M) satisfy all the requirements, and the 
lemma is proved. 

Let us now proceed to the Proof of Theorem 1: By assumption, every 
point of 9 has a neighborhood in which f(M) coincides with a function of R; 
obviously, this neighborhood can be taken to be open. Since Mt 1s compact, 
its open covering formed by these neighborhoods contains a finite covering 
U,,..., Un. Let 4,(M), ..., xn(M) be the corresponding functions of RF, 
ie, f(M) =-+,(M) on U; (= 1,..., n), and let hy(M),..., hn(M) (ER) be 
the functions of the lemma, i.e., 4;(1Z) —0 outside U; (j—=1, ..., n) and 


n 
hj(M)=1. Then 
j=l 


and hence fER. / 


*2. Since the ring W of absolutely convergent trigonometrical series is 
regular, it is clear that Wiener’s Theorem mentioned above is a corollary 
of the general theorem just proved. 


3. THEOREM 2: If a function f(M) is defined on the space of maximal 
ideals M of a regular ring R that can be represented in a neighborhood Uo 
of every point MoEM in the form of an analytic function of an element xo 
(depending on Moy and Up), then R contains an element x for which 
x(M) =f(M). 
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Proof: Let us consider a neighborhood V that, together with its closure, 
belongs to Up and the ideal /o of all functions r(M)€R that are zero on V4. 
The residue-class ring R/Ip has the set Vo as its space of maximal ideals. 
The restriction of f(//) to this set is, by Theorem 1 of §6, an element of 
R/Io. Since this is true for a neighborhood of every point Mo€ M, it follows 
that (MZ) belongs locally to R and it remains to apply the local theorem 
just proved. / 


*4, Thus, in the ring W of absolutely convergent trigonometric series we 
can extract the m-th root of every function x(t)€W that does not vanish 
on the circle Ot < 2m and has a unique m-th root (i.e., when ¢ varies 
from 0 to 2x, arg x(t) changes by a multiple of 2mm). The corresponding fact 
holds for the ring V of absolutely integrable functions. The representation 
of the element 3 Ae + +(t) of this ring on the maximal ideals M, is given 
by the formula 


oO 


3~(s)==A+ f x(t) exp (tst)dt, 


=O 


and for extracting the m-th root of 3 within V it is sufficient that 3~(s) 
should not vanish and that its argument should change by a multiple of 2xm 
when s varies from — oo to + oo. 


*5, Similar propositions also hold for infinitely-valued functions. For 
example, in the ring V, the function log 3 exists for every element 


a he + x(t) 


that does not vanish on any maximal ideal and satisfies the condition 


f darg 4~(s) = 0. 


—OO 


The latter fact lies at the basis of Krein’s theory of integral equations on a 
half-line with a kernel depending on a difference (see [32]). 


*6. It stands to reason that the facts listed above also follow immediately 
from the general theorem on locally analytic functions of several elements 
of a ring (Theorem 1 of § 13). But the derivation given here is remarkably 
elementary, because it does not depend on Weil’s integral representation 
of functions of several complex variables. On the other hand, it cannot be 
used to derive the corresponding facts for the ring V [a], which 1s not regu- 
lar, where the application of Theorem 1 of § 13 is still the only method of 
proof known. 
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1. THEoREM 1: Let R be a regular ring. Among all the ideals ICR that 
belong to a closed set F CM(R) there ts a minimal ideal J(F). It is formed 
by all the functions x(M)€R that are equal to zero on a neighborhood of F. 
Its closure J(F) is the minimal of all the closed ideals belonging to F. The 
functions «(M)€J(F) are characterized by the following property: «(M)ER 
belongs to J(F) if and only if the ring R contains a sequence of functions 
Vn(M) that converges to zero in norm and for which every function yn(M) 


coincides with x«(M) on some neighborhood of F. 


Proof: The ideal J(F) formed by the functions +(M)€R each of which 
is equal to zero on some neighborhood of F belongs to this set, because for 
every point My not in F we can find an open set GDF whose closure does 
not contain Mo and we can then construct a function y(M/) ER that is equal 
to zero on G and is different from zero for M— WM); this function, by 
assumption, occurs in the ideal J(F), which can therefore only belong to F. 
Let J be an arbitrary ideal of R belonging to F ; we shall show that JD J(F). 
Suppose that +(M)e€J(F), Fi ={MEM: 4(M) —0}, and that FP. is the 
closure of the complement of Fy. The sets F and F2 do not intersect; by 
Theorem 1 of § 34, the ideal J contains a function e(M) that is equal to 1 
on Fs. Obviously, +(M@) = -+x(M)e(M), and so xr(M)el. Thus, J(F) CI 
and J(F) is indeed the minimal ideal of all the ideals that belong to F. 

Every closed ideal belonging to F when it contains J(/) also contains its 


oe ey 


closure J(F); therefore J(F) is the minimal of all the closed ideals belong- 


——- 


ing to F. Let x(M)E/(F), te, x= lim hy, where h,(M)E/(F); then 
n>oo 

the function #,(17) =+(M)—h,(M) coincides with x(M) in some 

neighborhood of F (namely, one in which h,(M) —O) and tends to zero 

in norm as m—> o. Conversely, suppose that for a given function #(M)ER 

there exists a sequence of functions x,(M)€R converging in norm to zero 

and that each function x,(M) coincides with +(M) in a neighborhood of F. 


Then h,(M) = +«(M)—+*,(M)€/(F) and x=limh,€/(F). # 
CoroLLary: In the ring C(S) of all continuous functions f(t) given on a 


compact Hausdorff space S, every closed ideal I is the collection I(F) of all 
functions f(t)EC(S) that are equal to zero on a closed set FCS. 


For we know that IN(C(S)) == S (see §§ 2 and 5) and that the ring C(S) 
is regular, so that all the above results are applicable to it. Let F be the 
skeleton of J. It is obviously sufficient to prove that the minimal closed 
ideal J(F) belonging to F coincides with the maximal closed ideal /(F) 
belonging to F. Let f(t) be an arbitrary function, continuous on S, that 1s 
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equal to zero on F and let € be an arbitrary positive number ; we consider 
the closed sets 


F,=={teS: | f(t) | Se}, Fo={teES: | f(t) | = 2s}. 


Since /,; and Fe do not intersect, by Uryson’s Theorem there exists a con- 
tinuous function a(t) that is equal to 1 on Fy and to 0 on Fz and such that 
O= a(t) =1 for all t€S. The product a(t)f(t) does not exceed 2¢ in abso- 
lute value (and hence in the norm of the ring C(S)) and coincides with f(#) 
on the set F, which is a (closed) neighborhood of F. Thus, f(#) satisfies 
the criterion for belonging to J/(F) established in Theorem 1. Since f(#) is 
an arbitrary function of /(F), we have [(F) = T(F). WA 


§ 37. Primary Ideals 


1. Among all the ideals of a normed ring of special interest are those that 
are contained in only one maximal ideal. There is a number of problems in 
analysis whose solution depends on the structure of ideals that are con- 
tained in a given maximal ideal only: an example is the generalized Tauberian 
Theorem of Wiener (see § 40). As a matter of fact, as we shall see later, 
in many cases such ideals admit a simple purely algebraic description. 


DEFINITION 1: A proper ideal J of a normed ring FR is called primary 
if it is contained in only one maximal ideal of R. A normed ring is called 
primary if it has only one maximal ideal. 


Ina ring FR of functions #({M) a primary ideal can be characterized by the 
fact that the set on which all the functions #(M)€IJ vanish consists of a 
single point. If J is a closed primary ideal, then the residue-class ring R/I 
contains a unique maximal ideal. Thus, the residue-class ring of every com- 
mutative normed ring with respect to a closed primary ideal is a primary ring. 

By Theorem 1 of § 36, for every maximal ideal Mo of a regular ring R 
there exists a minimal closed primary ideal J(Mo). In this case x(M) €J(Mo) 
if and only if there exists a sequence of functions +,(M/)€F tending to zero 
in norm and such that every function x,(M) coincides with x(M) in a neigh- 
borhood of the point Mo. 


*2. As an illustration, let us find the minimal primary ideals of the ring 
D» (8.1, Example 2). The functions x+(t)€D,, that vanish at t = tp together 
with all their derivatives up to and including the m-th form a closed primary 
ideal J in D,,. Let us show that it is the minimal primary ideal belonging 
to the point fo. 

We consider an arbitrary function h(t)€D,, that is equal to 1 in a neigh- 
borhood of to and to O outside another neighborhood of the same point, 
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for example, the neighborhood |t—to|c. Let d= UPL | A) (4) |. 
o<k<m 
The derivative of the functions h,(t)—==h(v(i—to)) can be estimated as 
follows: 
| hy (t) | S vtdA = O(v*) (k=0,1,..., m). (1) 


On the other hand, for the derivatives of the given function f(¢)€J in the 
domain |#—t )|o we can easily obtain by integration the following 
estimates : 


FO) |= oom) (r= 0, 1, ..., m), 


We now estimate the norm of the product h,f. We note that h,(t) vanishes 
for |t— to | 2 c/v; we therefore put g=c/v in (2). By Leibniz’ formula, 
we have 


q 
lanes (7) | af) || f9-® | = 


-& (1) 00% Gee) =e(s} 


Hence it follows that 
lim || Aof 1 = 0. 
v> cO 


But every function h,f coincides with f in some neighborhood of tp. By 
Theorem 1 of § 36, we obtain that f belongs to the minimal closed primary 
ideal corresponding to to. / 


Let us construct the residue-class ring D,,/J, where J is the above ideal. 
Since the function ¢ — to is a generator of the ring D,, its image X under the 
canonical mapping of D, onto D,,/J is a generator of the ring Di,/J. Since 
the function (t — to)"*+1, together with its derivatives up to and including the 
m-th, vanishes at fo, 1.e., since it belongs to J, we have X¥"t1—0O, It is also 
obvious that X"=40. Hence it follows that a9-+ aX +...+4a,X”"=0 
only when dp == a; =...==a@,==0. For by multiplying both sides by X” 
we find that a.X™—O0, and hence a9==0; then, by multiplying by X”—? 
we also obtain that a; 0, etc. Thus, D,,/J is the ring of all polynomials 
of the form dg + a,X +... + a,X™, ie., the ring Dy/J ts finite-dimensional 
(and isomorphic to the ring /“ of Example 4 of § 1). 

Note 1: It can be shown similarly that, in the ring D,,(G) formed by the 
point functions t == (t,..., tn) ina domain G CR” having continuous partial 
derivatives up to and including the m-th, the minimal primary ideal J(t°) con- 
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sists of precisely those functions x(t) that, together with their partial deriva- 
tives up to and including those of the m-th order, vanish at f°. The residue- 
class ring Dn(G)/J(t°) is also finite-dimensional and consists of all poly- 
nomials of degree not exceeding m in the variables X1, Xo, ..., Xn, where 


——————— 


X; is the image in D,,(G)/J(¢°) of the function g;(t) = t; —1,°. 
§ 38. Locally Isomorphic Rings 


1. Derinitrion 1: Let R’ and R” be regular rings of functions and let 
M,’ and M,” be fixed points of the compacta I(R’) and M(R”). The rings 
R’ and R” are called locally isomorphic at the points Mo’ and M,” if there 
exist neighborhoods U(M,’) and U(M ”) that can be mapped homeomor- 
phically onto each other so that the restriction to U(M,’) of every function 
of R’ goes over into the restriction to U(Mo”) of a function of R”, and vice 
versa. 


The very definition of the minimal closed primary ideal J(Mo) (henceforth, 
we shall only discuss closed ideals and shall therefore omit the closure 
symbol) suggests that the structure of the residue-class ring R/J(Mo) depends 
only on the behavior of the functions +(M)€R in a neighborhood of Mo. 
And in fact, the following theorem holds: 


THEOREM 1: If the rings R’ and R” are locally tsomorphic at the points 
My,’ and M,”’, then the residue-class rings R’/J(M,’) and R”/J(Mo”) are 
1somor phic. 

Proof: Within U(M,’) and U(Mo”) we choose closed neighborhoods 
V’ and V” of the points My’ and M,)”. There is a natural algebraic iso- 
morphism between the residue-class rings R’/I(V’) and R’/I(V”). But for 
rings of functions an algebraic isomorphism is always a topological one as 
well (Theorem 2 of §9). Suppose now that X’€ R’/J(M)’); we take an 
arbitrary function +’(M)€X’ and consider the function #”(M)E€R” that 
goes over into #’(/) under the homeomorphism U(M,”’) ~ U(M)’). Under 
the homomorphism R” > R”/J(Mo”) this function goes over into a certain 
residue class X”, which we now associate with X’. Let us show that this 
mapping is single-valued. Let +,’(/) be any other function of X’ and +,”(M) 
the corresponding function in R”. The difference #’(M) —-+,’(M) is in 
J(Mo’) and therefore there exists a sequence of functions y,’(M)€R’ that 
are equal to zero in a neighborhood of Mo’ and for which 


x’(M) — #1'(M) — yn’(M) > 0 


in the norm of the ring R’. This limit relation is preserved in the residue- 
class ring R’/I({V’), and since this ring is isomorphic with the residue-class 
ring R”/I(V’”), it is also preserved in the latter. Therefore we can find a 
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sequence of functions y,’"(M) (n=1, 2,...) in R” that are equal to zero in 
a neighborhood of Mo” and for which #’”(M) — +,’""(M) — y,’”’(M) > 0 in the 
norm of R”. But this means that the functions #”(M) and +;’"(M) belong 
to the same residue class X”ER”’/J(Mo”). Thus, the mapping X’—> X” 
is single-valued. By the complete symmetry of our conditions, it is also 
single-valued in the opposite direction. It is easy to verify that this mapping 
iS an isomorphism that preserves convergence. / 


*2. As an illustration, let us consider the ring D,,(K) of all functions f(t) 
on the circle K (0=¢ = 2x) (where 0 and 2x are identified) whose first m 
derivatives are continuous. Obviously, this ring is locally isomorphic to the 
ring D,, (on an interval) at every point to’ of K and every interior point to” 
of the interval. Therefore the residue-class rings D,»,(K)/J(to’) and 
Dmn/J(to”’) are isomorphic. Moreover, it follows from the proof of Theo- 
rem 1 that the minimal ideal J(to’) CD,(K) consists of functions with the 
same local characteristic as in the ring Dy», i.e., functions that, together with 
their first m derivatives, are equal to zero at t = ty’. 

*3. A non-trivial example of a pair of locally isomorphic rings are W and 
V,. The space of maximal ideals of the first is a circle K (Ot 2n) 
(where 0 and 2n are identified), and of the second, the line ——0 <Cs<o 
supplemented by the point at infinity; here we regard V as a ring of 

co 


functions on the maximal ideals, i.e., of the functions y(s) =A+ f a(t)e**dt, 
~—©o 


where [A|+ f |a(t)|dt=||y|]| <0 and y(0)—=%. We choose an 


arbitrary point a on K and a point so on the line — 0 < 5 < o and examine 
the intervals U’—{teK: |t—tp)| Se < 2m}, U“={s: |s—so| Sc}. 
We shall show that the restriction of every function «(t)€W to U’ goes over 
under the change of argument from ¢— tg to s— so into the restriction of a 
function of V to U”, and vice versa. In the proof, we shall assume that 
to =O and so =O, which we can do without loss of generality. We sup- 
pose that the chosen function +(t)€ W admits, on U’, the expansion 


oO co 
a(t)== Dy ane, where > | dn| <0. 
—-c —-©& 


Suppose further that the function 


foe) 


h(s)= feta (t)dt EV 


— 


is equal to 1 for | s| Sc and to 0 outside some wider interval (we can take, 
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for example, an arbitrary smooth function having the two last properties). 
Let us verify that the product h(s)x(s) also belongs to V. Indeed, 


h(s) x (s) = h(s) »> ane’ <= »> anh (s) &* = 


—00 —0O 
co co (oa) Cc 
=_ »> f et (t+ q a(t) dt = >» f ane a(t—n) dt = 
—-CO —o —0CO —6O 
co (ee) co 
= f gist »» dna(t—n)dt= f eb (x) dr, 
—00 —co —0co 


where 


frommsd tn la(t—n)|dt= 


a 1a) flawlar<eo 


But on the interval | s| c the function h(s)x(s) coincides with x(s) ; hence 
it follows that x(s) belongs locally to V at the point s=0. 

Conversely, let us assume that the chosen function y(s)€V admits on 
U” the expansion 


y(s)=h+ fa@etras, 


—©o 
where 


fle@lacen 


We consider the ideal J formed in W by all the functions x(t) that are 
equal to zero on the interval |¢ | =c < 2m and the residue-class ring W/I. 
The functions e“7 exist in this ring for every real t (because they can be 
extended to the whole circle K as differentiable periodic functions). Let 
us show that the norms of these functions in W/I are uniformly bounded 
with respect to t. Now for t integral, rn, the function e” is, in the 
residue-class ring W/I, the image of the function e“" in the ring W itself; 
but in W we have || e* || y—==1, and hence it follows that the inequality 
| ge || wer =1 holds in W/I. For every real t, we can write 


T==n+aQ, 
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where 0 = a < 1; hence it follows that 


ee app Sher] pyle“ wr SS su ette Ip ry. 
WITS WIT wit = SUP, || 8" || wer 


But the element e**€ W/I, considered as a function of a, is continuous and 
therefore bounded in norm on the interval OZ a1. Consequently, 
| ett || wet is uniformly bounded for all t. Since the element e#7 of W’/I is 


CO 
continuous in norm as a function of t and bounded, the integral f e*Ta(t)dt 
co —-@ 


converges in norm and therefore A+ f e#Ta(t)dt is an element of W’/I. 
—oo 
To find the value of the corresponding function on the maximal ideal fo, 


| to | Sc, we have to substitute to for t and we obtain as a result the numerical 
integral 


co 
A+ f etto%g (x) dt = y (ty). 
Thus, every function y(#)€V belongs locally to W at the point t=O. 
Therefore the rings V and W are locally isomorphic at arbitrary points 
to€K and so 0. We shall describe below the structure of the residue- 
class rings of W and V with respect to the minimal primary ideals. 


§ 39. Connection between the Residue-Class Rings of 
Two Rings of Functions, One Embedded in the Other 


}. Let R’ and R” be regular rings of functions having the same space of 
maximal ideals J? and with R’C R”. We denote by J’ and J” the minimal 
closed ideals in these rings corresponding to a fixed point MoE. We shall 
show that the residue-class ring R’/J’ admits a natural homomorphism into 
the residue-class ring R”’/J”. 

We fix a residue class X’€ R’/J’ and let #’€R’ be an arbitrary function 
of this class. Since R’CR”, x’ can be regarded as an element of RF”; as 
such, it determines a residue class X”€R”/J”’, which we shall associate 
with the given class X’. It is necessary to prove the uniqueness of this 
definition. Let y’€ R’ be another element of the same residue class X”._ Then 
the difference +’ — y’ belongs to J’. By Theorem 1 of § 36, R’ contains a 
sequence of functions h,’(M) converging to zero in the norm of FR’ and such 
that every function h,’(M) coincides with x#’(M)—y’(M) in some neigh- 
borhood of Mo. But these functions h,’(M), considered as elements of FR”, 
also tend to zero (in the norm of FR”), in virtue of the relation between 
convergence in rings one of which is imbedded in the other (Theorem 1 of 
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§9). Thus, the function x’—y’ also belongs to J”, i.e., x’ and y’ belong to 
the same residue class of R”’/J”. 

The mapping R’/J’— R”/J” so constructed is obviously a homomorph- 
ism. We shall now verify that if R’ is dense in R”, then its image R’/J’ is 
dense in R”/J’”, Let X” be a residue class of R”’/J” and #”€R” an arbi- 
trary element of this class. By assumption, there is a sequence %,’, ..., 
xy’, ...CR’ converging to 7” in the metric of R”. We examine the cor- 


responding classes X7’,..., X,’, ... in R’/J’ and their images X 1”, ..., 
X,y", ... in R’/J”. We claim that in R”’/J” the equation X” =lim X” 
¥> co 


holds in R”/J’. In fact, we have by definition 


[x —X0]= int |x” — 97, Se" — 2p. FO 
y EX 


’ 


as required. / 


Particularly interesting is the case where the residue-class ring R’/J’ is 
finite-dimensional. Then its image in R’”/J” is also finite-dimensional. 
If R’ is dense in Rk”, then, by what has been shown, the image R’/J’ is also 
dense in R”/J”, and so R’”/J’” coincides with this image and is therefore 
also finite-dimensional. We formulate this result as follows: 


THEOREM 1: Let R’ and R” be regular rings having the same space of 
maximal ideals M; furthermore, let R’C R” and let R’ be dense in R”. If 
J’CR’ and J’ CR” are the minimal primary ideals corresponding to the 
same point MyE€M and the residue-class ring R’/J’ ts finite-dimensional, 
then the residue-class ring R”’/J’, as a homomorphic image of R’/J’, is also 
fintte-dimensional and its dimension 1s not greater than that of R’/J’. 


*2. Suppose, for example, that it is known that a certain normed ring R 
consists of functions defined on a closed domain G of n-dimensional space 
and that it contains the ring D,,(G) of all functions that have continuous 
partial derivatives up to and including those of the m-th order in this domain 
as an everywhere-dense set. We already know (see §§ 37 and 38) that 
D»(G) has a finite-dimensional residue-class ring D»(G)/J(t®°) for every 
point t’?€G. By Theorem 1, the residue-class ring R/J(t®) is also finite- 
dimensional. 

As an illustration, let us find the minimal ideals in the ring W. As we 
know, the set of maximal ideals of this ring is the circle K (Qt 2nz) 
(with the points 0 and 2x identified). It is well known that every periodic 
function f(t) of period 2x having a continuous derivative belongs to W. 
Thus, WDD,(K). Further, D,(K) contains all the exponentials exp (int) 
(n=O, +1, +2, ...) and is therefore contained in W as a dense set. 
The residue-class rings D,(K)/J(t 9) are known: they are isomorphic to the 
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corresponding residue-class rings D,/J(to) (see § 38) and hence, as we have 
seen in § 37, each of them is a ring of linear polynomials a + a,X, where 
X is the image of the function t—t) and X*=0. By Theorem 1, the 
residue-class ring W/J(t 9) is a homomorphic image of the ring {a9 + aX} 
and is therefore either this same ring or the field of complex numbers. We 
shall show that the first alternative must be excluded. Let X’ be the image 
of X in W/J(to). Then in any case 


exp (inX’) =1+inX’ (n=0,+1,+2,...). (1) 


On the other hand, exp (inX’) is the image under the homomorphism 
W—»>W/J({to) of the function exp (in(t— to)) = exp (int) -exp (— into), 
which has the norm 1 in W. Since, under the canonical homomorphism, the 
norms in the residue-class rings do not increase, we must have 


| 1+ inX’ | — | exp (1nX’) || wat) =, 


If } xX’ | wret9) > 0, we have || 1+ inX’ || =n ] x’ | —1—> 0 asn-> 0, 
and this is a contradiction to (1). Thus, X’=0, and the residue-class ring 
of W with respect to the minimal ideal J(to) corresponding to the point to 
1s the field of complex numbers. Hence it follows that in the ring W every 
minimal closed primary ideal coincides with the corresponding maximal ideal. 

As a consequence of the local isomorphism of the rings V and W, we now 
find that every closed primary ideal in V corresponding to a point s © 
coincides with the maximal ideal M,. 


*3. Similar arguments can be applied to the ring of absolutely convergent 
Fourier series of functions of several variables. For example, in the case 
of functions of ” variables f,, ..., tn, the set of maximal ideals of this ring 
W,, is the n-dimensional torus K* {OSt;=2nx (j—1,...,)} (where 0 
and 2x are identified). Instead of the ring D,(K) of functions with a con- 
tinuous first derivative that figured in the preceding construction we now 
have to take the ring D,(K”) formed by the functions (ti, ..., tf») having 
r 
continuous derivatives of the form Cea a (yr =k), where the differ- 
: r 
entiation with respect to each argument is carried out not more than once. 
It is easy to verify that D,(K") CW,. In the ring D,(K”)/J(#°) generated 


by the images X; of the functions t;—t;° we have X7,—0 (;=—1,..., ”); 
this enables us to carry through the concluding part of the proof without 
change. 


Thus, in the ring W,, of absolutely convergent n-fold Fourier series every 
primary ideal coincides with a maximal one. The same is true for the ring 
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V,, of absolutely convergent n-fold Fourier integrals, which is locally 1so- 
morphic to W,. 


§ 40. Wiener’s Tauberian Theorem 


*1, In the ring V of absolutely convergent Fourier integrals there is one 
maximal ideal M,, at which, in general, the local isomorphism with W does 
not hold. We shall show presently that the maximal ideal M,, does not 
contain any other closed primary ideal. As we shall see below, this fact is 
equivalent to Wiener’s Tauberian Theorem [76, 77]. 

Let us examine the minimal ideal J belonging to the point M/,,; it is formed 
by all the functions y(s)€/ that vanish for all sufficiently large |s|. We 
have to show that its closure J coincides with the whole ideal M@,. Since J 
is obviously invariant under translations and multiplications by exp (its) 
with an arbitrary t, the corresponding subspace L’ of L+, formed by the 
integrable functions +(t) whose Fourier transforms 


y(s) == fx exp (its)dt 


constitute J, is also invariant under translations and multiplications by 
exp (itt). If the closure L’ of this subspace L’ did not coincide with the 
entire space L1, then there would be a non-zero linear functional on L? that 
vanishes on L’. Like every linear functional on L1, it has the form 


(x, fy—= f x()f(dt, (1) 
where f(#) is a bounded measurable function. By what has been proved, 
we have x(t) exp (tht) € L’ for every function x(t) € L’ and every real h, so that 


f f(t)x(t) exp (iht)dt =0, 


1.e., the Fourier transform of the integrable function f(t)+(t) is equal to zero. 
By the uniqueness theorem, it follows from this that the product f(t)+(t) 
is equal to zero for almost all ¢. But since x(t) is not identically zero and 
can be translated freely along the t-axis without invalidating the result, f(t) 
is almost everywhere equal to 0. But then (1) is the zero functional on L!, 
in contradiction to the assumption. Hence L’=LlandJ=V. / 


*2. Wiener’s Theorem itself can be formulated as follows [76, 77]: 


If the function xo(t)€L) has a Fourier transform x o~(s) that does not 
vanish for any real value of s, and tf f(t) is a bounded measurable function 
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such that 
fxlt—vp(nat st f oleae as T— 0, 
thn _ 
a a(t—r)f(pdtol : x(t)dt as t>© (2) 


for every function x(t) EL}. 


Proof: For the proof, we argue as follows. Let J be the set of all func- 
tions x(t) € L! satisfying the condition (2). If we denote by f,; the functional 
on L! defined by the (bounded measurable) function f(#-+ 1), then the rela- 
tion (2) can be written in the form 


lim (4%, fr) = (4, )). 
t-> 00 


Hence it follows that J is a closed linear subspace of L1. It is also clear that 
I is invariant under the operations of translation x(t) *(t—h). But 
then / is an ideal in , because the convolution 
fe 8) 
(x¥y)() = f x(t—h)y(n)dh 

—©Oo 
is the limit in the norm of VY of linear combinations of translations of the 
function x(t). This ideal contains #9(t), whose Fourier transform does not 
vanish for any s. But this means that it is not contained in any of the 
maximal ideals M, (ss4 0). Therefore J is a primary ideal belonging only 
to the maximal ideal M,. But then, by what has been proved above, 
I=M,=L11.7 


*3. Our proof of the fact that every closed primary ideal contained in M, 
coincides with /,, carries over without change to the case of several variables 
(even of a locally compact group) and also to the case of the ring V [a], 
provided only that this ring is regular. With a more rapid growth function 
a(t), where the space of maximal ideals of [a] becomes a strip in the 
s-plane (the ring V [a] is then necessarily not regular), the maximal ideal 
M,., always contains a continuum of distinct primary ideals (see Theorem ! 
of §45). They were completely investigated by Korenblum [30]. 


§ 41. Primary Ideals in Homogeneous Rings of Functions 


*1. A normed ring R of functions x(t) with the circle K (Ot 2nz) 
(where 0 and 2z are identified) as its space of maximal ideals is called homo- 
geneous if: 1) it has exp(it) and exp(—7t) as generating functions; and 
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2) all the translations +(¢-+ h) (where ¢-+h is taken reduced modulo 22) 
belongs to R, and || x(#-+ h) | = |] + |]. 

Examples of homogeneous rings are the ring C(K) of all continuous func- 
tions on K, the ring D,,(K) of all functions on K with m continuous deriva- 
tives, the ring W of absolutely convergent Fourier series, the ring W [a] 


e a s i ” e nm e 
—— _7 = 1, that 
(§ 19) subject to the condition lim: \/ On lim: a which ensures tha 


the space of its maximal ideals coincides with K. 

In what follows, we shall impose a further condition on R: 

3) R contains? a ring D,,(K) for some value of m. 

When the condition 3) is satisfied, the ring R is regular. Further on we 
shall describe the structure of the primary ideals of this ring. 


*2. When condition 3) is satisfied, we can estimate the order of magnitude 
of the numbers a, = || exp (int) || as n> + co. In fact, 3) is equivalent 
to the condition that the order of magnitude of these numbers is not greater 
than that of a power: 

3’) Op == O(|n |?) for some value of p. 

For if RD D,(K), then by Theorem 1 of §9, there exists a constant C 
such that for every x(¢) ED,,(K) 


| # [2 SC] 2 logon 
In particular, putting x(t) = exp(int), we obtain 
a, = | exp (int) I|z = C | exp (int) | Dn (K) = O(| n \™) 


so that condition 3”) is satisfied for p==m. Conversely, if condition 3’) is 

satisfied and f(t) is an arbitrary function with continuous derivatives of 

order up to and including m = p + 2, then we can show that f(¢) occurs in R. 
For if this function is expanded in a Fourier series 


j(t) = Ddaexp (int), (1) 


then the Fourier coefficients of the function f‘¢+?)(t), which are equal in 
absolute value to | |?+?|b,|, are in any case bounded and then we have 


DI. | JJexp (int) || = ye. | ou, 


= Jounin 2)O(|n |?) = Youn) <s 


2We could have replaced this condition by one that is formally weaker but in fact 
equivalent (see §9): R contains the ring De(K) of all infinitely differentiable func- 
tions on K. 
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so that the series (1) converges in the norm of R; and hence RD Dz 42(K), 
as required. 

By condition 1), Dna(K) is contained in R as an everywhere-dense set and 
we can apply Theorem 1 of § 39, which states in this case that the residue- 
class ring of R with respect to the minimal closed primary ideal J(to) cor- 
responding to the point t)€K is a homomorphic image of the residue-class 
ring Dm(K)/J(to). The latter ring, as we know (see §§ 38 and 37), is the 
ring of all polynomials of the form a + a,X + ...+ anX™, where X is the 
image? in D,(K)/J(to) of the function t—f, X"+1=—0, and X”540. 
Therefore R/J(to) is the ring of all polynomials of the form 


Ao taZt...ta,Z!, 


where Z is the image of X under the homomorphism D,,(K)/J (to) ~ R/J (to) 
and the number / = m is such that* Z'=0, but Z'+1—0. 


THEOREM 1: The number 1, which determines the dimension of the 
residue-class ring R/J(to) can be obtained from the relations 


RCD,K), Rf Disi(K). 
Proof: A function f(#)€R that is analytic in a neighborhood of to and in 
this neighborhood has the Taylor expansion 
F(t) =F lb) + (B= to) (to) + ay Ct — to) (fo) + 


corresponds in the residue-class ring R/J(to) to the element 


Fla) + ZP (to) + op Z8P" (to) + oe + ZI (by) (2) 
For 
SL (60) (gyn 
aa 4) 
n=0 


is a series of analytic functions uniformly convergent in a domain containing 
the set of maximal ideals of R/J(fo) (i.e., the point to); therefore, by the 
results of §6, it corresponds to the series 


>a f' ~(t) Zz", 


3 By superimposing the canonical mapping Da(K)—> Dm(K)/J (to) on the local 


isomorphism Dm—> Dm(K) at the point to. 
4In fact, it follows from the last two conditions, just as in § 37.2, that 


O+aZz+...t+aZ'=0 


only when a= a=...=a,—0. 
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converging in the norm of R/J(t 9); but this series reduces to the polyno- 
mial (2). 

Since R/J(to) is finite-dimensional and all norms on a finite-dimensional 
space are equivalent, there exists a constant C with the property 


I 
=C lax! 
k=0 


l 
| > 1.2" 


k=0 .. (0) 


l 
for every element >» a,Z*E€R/J(to). Since under the homomorphism 
k=0 


R— R/J(to) the norms do not increase, we have 


i l 
iFOte=| WAP wz}? =cYy_lP@l. 
k=0 k=0 


R/T (bo) 


But inasmuch as the ring R and its norm are invariant under rotations of 
the circle (condition 2), the constant C can be taken to be independent of the 
choice of fo, and then we have 


i 
i 
ifOle= C max ») al f™ to l= CIO Ib, (x (3) 


The functions f(t) to which these arguments are applicable are everywhere 
dense in R. Therefore, after a passage to the limit, the inequality (3) proves 
to hold for all functions f(t#)€R. In particular, it follows that R ts contained 
in the ring D,(K). But it is not contained in the smaller ring D,.1(K). 
For in the residue-class ring R/J(to) we have Z'+1—0O for the image Z of 
the element of FR that coincides locally with ¢— to, and this must also hold 
in the residue-class ring R’/J (to), where R’ is any ring larger than FR; but in 
Di41(K)/J (to), as we know, X'+140. Thus, RCD,(K) and RZD, 41(K). / 


*3. For the ring W[a], the result obtained can be formulated directly in 
terms of the sequences {a,}. For if R—W [a], then | 1s the smallest of the 
integers r for which lima,/| n |"+1=—0. 
| % |->co 
For the proof, we assume to begin with that for some integer r 


lim a,/|” |7+1—0, 
In] > 


and we show that r = /. Wechoosea sequence0 < 1) < to <<... Cay <... 
oO 
a 
. n 
such that the series > “rT 


k=a1 * 


converges. Next we construct a sequence 
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of positive numbers p;,— oo that are subject to the condition that the series 


[© 6) 
a 
n 
k al d 
also converges and we put 
pane ae 8 Pp 


pag. 


de ee (eS 
tnd nett 


OQ for the remaining integers n. 


Obviously, the function @(t) = > c,exp (int) belongs to W[a] and has 


no more than 7 continuous derivatives (because the series > Px exp (nyt) 
km 
diverges). Since W[a] CD,(K), it follows from this that r = 1. 


On the other hand, the relation 


lim 
| nl > oo |n hake 


is bound to hold. For otherwise we would have 


On = C|n [+t (n=0, +1, +2,...; C>0) 
and consequently for every f(#)—= ) anexp (int)€W[a] we would have 


fe @) co 
the inequality ) |a,||n|+2<C-? D | a,||on| <0 and hence it 
—©O —oco 


would follow that W[a]CDj,.1, in contradiction to Theorem 1. / 


As a corollary, we obtain: 
In the rng W [a], where 
On = C(1 + | |), (4) 


every primary ideal coincides with a maximal ideal tf and only tf 


lim a,/|n | =0. 
|n|>o 


Applying the results of §37, we can also state this corollary in another 
form. 


Let the sequence {an} satisfy the condition (4). Every function f(t)€EW [a] 
that vanishes for at least one point can be approximated in norm with an 
arbitrary degree of accuracy by a function p(t)EW [a] equal to zero on an 
entire interval including this point if and only if the lower limit of the 
sequence On/|n| ts equal to zero. 
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§ 42. Remarks on Arbitrary Closed Ideals. 
An Example of L. Schwartz 


*1. As we have seen in § 36, every closed ideal in the ring C(S) is the 
intersection of maximal ideals. The structure of closed ideals is also known 
in certain types of rings besides C(S). Thus, in the ring Dm, every closed 
ideal is the intersection of primary ideals; this was proved by Shilov in 1940 
[55] for a single variable and by Whitney in 1948 for several variables [75]. 
There are also other examples of rings of functions in which all the closed 
ideals have been described ([59], [66], [22]). But even for such a com- 
paratively simple ring as W—or V, which is locally isomorphic to W/—the 
structure of the closed ideals is not known. Since there are no primary 
ideals in W other than the maximal ones (§ 39), it would be natural to expect 
that, just as in the ring C, every closed ideal in W is the intersection of 
maximal ideals. However, as Malliavin [36] has shown, for any number 
of variables n = 1, the ring W, (or the ring Vy, which is locally isomorphic 
to it) has closed ideals that cannot be represented as intersections of maximal 
ideals. We shall not give here the very complicated constructions of Mallia- 
vin; instead, we shall give a simple and instructive example that was found 
(at an earlier date) by L. Schwartz [68] and refers to the case n = 3. 

We consider the ring 3 consisting of absolutely integrable functions 
x(t1, te, t3) = x(t) of three variables (with a unit element adjoined). The 
Fourier transform y(s1, se, 53) = y(s) of such a function x(t) can be ex- 
pressed by the formula 


y (St, Sa, Sg) == f f f X (ty, to, tg) et E181 + 428a4 b989) Gt dt dts = 


={f fxodoras. (1) 


If we go over from x(t) to the function +,(t) = +(ht), where h denotes 
the operator of rotation in the space of points f = (fi, ty, ts), then y(s) goes 
over into the function y(hs). For after the changes of variable ht ?’, 
t=-h-1’, dt=d?, we have 


ff fronesratn ff fared 0 a= 
= f f f x(t’) et Es MS gt! = y (hs). 


Hence it follows that a spherically symmetrical function +(t) = +o(r), where 
r==|t|, goes over into a spherically symmetrical function y(s) = yo(g), 
where g==/s|. Let us find an explicit formula connecting the functions 
¥o(r) and yo(o). For this purpose we go over, in the equation (1), to 
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spherical coordinates, taking as the polar axis the line along which the 
vector s lies and denoting the polar angles by m and m. We obtain 


Yo (e) = f f Xo (r) eff? 98 © -2 sin w do de dr = 
1 @) T eve} 


== 2n frome f gnome sede) are f sseyr tn rede 
5 Po (2) 


0 


We observe that ¥9(7) in this formula can be an arbitrary function for which 
the integral 


flor) 72 dr 
0 


converges, because the expression 


ff fi-ola 


reduces precisely to this when written in spherical coordinates. 

We shall now show that the function yo(o) defined for @ > 0 by the equa- 
tion (2) has a continuous derivative. Indeed, formal differentiation with 
respect to @ leads to the integral 


fo) 


f Xo (r) 7? cos rp ar, 
0 


which, by what was shown above, converges absolutely. Therefore the 
function yo(o) is differentiable for @ > 0 and its derivative 


CO CO 
An 


Yo (0) = = [ xo(ry cos rear — 9 fo ry rin rp ar 
0 0 


is a continuous function of 0. 

We examine the functions yo(g) on the interval 1/2 = 9 = 3/2. Of course, 
they form a ring having the metric of the residue-class ring of V3 with 
respect to the ideal consisting of the functions that are equal to zero for 
1/2=0=3/2. We denote this ring by R; by what has been proved, RF is 
contained in the ring D, of functions with a continuous derivative on the 
interval [1/2, 3/2]. On the other hand, FR contains all sufficiently smooth 
functions of 9; in particular, we can find in R (and consequently in 3 as 
well) a function yo(0) that vanishes, and whose first derivative vanishes, for 
@ = 1 and that is different from zero for 91. 
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THEOREM 1: The closed ideal I generated in V3 by the functions yo(Q) 
does not coincide with the intersection of the maximal ideals containing it. 
In particular, it cannot contain a function y,(0) that vanishes at 9==1 but 
has a derivative different from zero at that point. 

For let us assume that :(@) occurs in /, i.e., that it is the limit, as v— o, 
of products yo(0)y,(s) in the metric of V3. If the functions y,(s) were also 
spherically symmetrical, y,(s) == 2,(@), then we would obtain a sequence of 
functions yo(0)z,(0) on the interval [1/2, 3/2] that converges to the function 
y1(0) in the metric of R. This sequence would also converge in the metric 
of D, by the general theorem of the correspondence between convergence in 
rings embedded in each other (Theorem 1 of §9). But convergence in the 
metric of D,; is uniform convergence of the functions and their first deriva- 
tives; and for each of the functions yo(o0)2,(o) the derivative at 9 = 1 is 
equal to zero just as it is for yo(@), whereas for the limit function y;(0), the 
derivative is different from zero; the contradiction proves our assertion. 

It remains to consider the case where the functions y,(s) are not spheri- 
cally symmetrical. In that case, we consider the operator of spherical 
averaging Q that carries every function into its spherical average: 


Qx= ff (ros wo, rsin cos 9, r sin» sin ¢) sin o dw do. 


Q is a linear operator in V3 that carries every function x(t) into a function 
%o(r) with the same norm; therefore the operator Q itself has norm 1. 
Since for the Fourier transform a rotation in the space of points ¢ corre- 
sponds to the same rotation in the space of points s, Q can also be regarded 
as given on the points y(si, Se, s3). We put Qy,(s)=z,(e). Now, a 
spherically symmetrical function can obviously be taken before the sign 
of the operator Q; hence by applying Q to the relation 


yo(o)2,(s) > yi), 
we obtain 


yo(o)2,(0) > Oy1(0) = 41(@). 


Thus, the problem reduces to the case of spherically symmetrical factors 
2,(0) examined above, and the theorem is proved. / 


*2. It would be very interesting to be able to give a description of the 
structure of closed ideals in the V (or in W). But, as we have already said, 
this problem is still open. 

Note: This is not the first time that the ring W has turned out to be a 
source of counter-examples to hypotheses that appear natural at first sight. 
For a time, the hypothesis was made that a ring in which primary ideals 
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coincide with maximal ones must contain the absolute value | +(¢) | of each 
of the functions x(t) in the ring; this proved to be false in this very ring W 
[58]. Furthermore, as we know (§6), to every element x of a normed 
ring we can apply a function f(¢) that is analytic on the spectrum of + ; the 
proposition that for every ring RK there exists a wider domain of functions 
that can be applied to each of its elements was refuted by giving this same 
ring W as a counter-example [29]. Finally, for the ring W we have that 
a change of independent variable t= q(t) that carries every function of W 
into a function also in W can only be linear [33], in spite of what one 
might expect. 


CHAPTER VII 


RINGS WITH UNIFORM CONVERGENCE 


1. In this chapter we shall discuss certain problems concerning rings in 
which convergence in norm corresponds to uniform convergence of the 
functions +(M) on the space of maximal ideals. In §43 we shall give an 
account of applications to the general theory of topological spaces (the classi- 
fication of compact extensions of a space S and, at the same time, of the 
symmetric subrings of the ring C(S) of all bounded continuous functions 
on S). In $44 we shall discuss arbitrary (not necessarily symmetric) sub- 
rings of C(S); and in § 45, closed ideals in such subrings. 


§ 43. Symmetric Subrings of C(S) and Compact Extensions 
of a Space S 


1, Let S be a topological space. A compact extension of S is an arbitrary 
compactum T (i.e., a compact Hausdorff space) containing an everywhere- 
dense subset homeomorphic to S. 

Not every topological space has compact extensions. It is known that 
every compactum T is completely regular, i.e., that for every set 4 CT and 
every point f9€7 that is not an adherence point of A there exists a function 
a(t) that is continuous on T, equal to 0 on A and different from O at fo. 
Of course, all the subsets of J with topology induced from T have the 
same property. Therefore, in discussing problems on compact extensions 
we can restrict ourselves to completely regular spaces. 

As Tychonov [71] showed in 1929, every completely regular space S 
has a compact extension. In 1937, Cech [10] constructed, for every regular 
space S, an extension BS that is maximal in the sense that every compact 
extension of S is obtained from BS by a continuous mapping in which all 
the points of S remain fixed. 

In the present section we shall present a ring-theoretical approach to 
these problems. 

Let S be a completely regular space and C(S) the normed ring of all 
bounded continuous complex functions on S with the ‘uniform norm’ 
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| x | = sup | x(£) |. (1) 
tes 


We denote by I the space of maximal ideals of C(S). By Theorem 3 of 
§ 8, C(S) is isomorphic to the ring of all continuous functions on the com- 
pactum WM. Every point tg€S determines a maximal ideal M;, of C(S) 
(which is formed by the functions x(t) that vanish at t=‘), and distinct 
points correspond to distinct maximal ideals. Therefore S can be regarded 
as a subset of It. We shall show that the original topology of S coincides 
with the topology induced in S by M. 

If t€S is not an adherence point of the set 4 CS, then, in virtue of the 
complete regularity of S, there is a function x9(#)€C(S) that is equal to 0 
on A and to | at ¢=¢%. But in that case, the maximal ideal M;, corre- 
sponding to ¢) is not an adherence point of the set 2% of maximal ideals 
corresponding to the points of 4: the neighborhood | +o9(MZ) —1| < 1 sepa- 
rates M;, from Y. Conversely, if the maximal ideal M;, is not an adherence 
point of & in Mt, then, in virtue of the complete regularity of MN, there exists 
a continuous function +(M) that is equal to 0 on Y and to 1 for M—=M ty 3 
the corresponding function +(t)€S is equal to 0 at the points of 4 and to 1 
at f) and hence fp is not an adherence point of A. 

Finally, the closure of S in Mt is the entire space It. For otherwise we 
could find a non-zero function +(M) that is equal to zero on all the 
maximal ideals that correspond to the points of S; but according to (1), 
such a function would have to have the norm O, in contradiction to the 
construction. 

Thus, It ts a compact extension of the space S. 


Let us show that It is a maximal compact extension in the sense of Cech. 


Let Q be a compact extension of the space S. We consider the ring 
C(Q) of all continuous functions on Q. Since every continuous function 
on Q is also continuous on SCQ and the upper bound of its absolute values 
on S' coincides with its maximal absolute value on Q, C(Q), regarded as a 
ring of functions on S, is a closed subring of C(S). The space of maximal 
ideals of C(Q), as we know, coincides with Q itself (see § 2.2). Now let W@ 
be a point of the space Mt; by selecting, in the maximal ideal M, all the 
functions contained in C(Q), we obviously obtain a maximal ideal M’ of 
C(Q) and so a point of Q. The mapping M— M’ leaves all the points of 
S fixed. Let us verify that it is continuous. Suppose that M’ is not an 
adherence point of the set 4’CQ; then the ring C(Q) contains a function 
x(t) that vanishes on A’, and at the point M4’ is equal, say, to 1. By exam- 
ining it in C(S) we see that the inverse image M of the maximal ideal M’ 
is not an adherence point of the inverse image A of A’. Hence it follows 
that the relation MEA in M implies that M’€A’ in Q, ie., the mapping 
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M-— M’ is continuous. Since the image of Mt under the mapping M— M’ 
contains the entire space S and is compact (as the continuous image of a 
compact space), Jt 1s mapped onto the entire space Q. Thus, Q is a con- 
tinuous image of St under which S goes over into itself, as required. 

At the same time, we have connected every compact extension Q of S 
with a certain subring of C(S), namely, with C(Q) regarded as a ring of 
functions on S. The question naturally arises as to what the intrinsic 
properties are of these subrings C(Q) that distinguishes them among all 
the subrings of C(S). The answer is given by the following theorem: 


THEOREM |: Let C(S) be the ring of all bounded continuous functions 
on a completely regular space S, furnished with the untform norm (1). Its 
subrings of the form C(Q), where Q ts an (arbitrary) compact extension 
of S, can be characterized as (arbitrary) closed subrings K of C(S) sattsfy- 
ing the follounng two conditions : 

(*) x(t)€K implies that x(t)€K; 

(**) For every set ACS and every point ty€S not belonging to tts closure 
A there is a function «(t)€K that is equal to 0 on A and is different from 
O at t= fo. 


Proof: If K satisfies the condition (*), then, by Theorem 3 of § 8, it is 
isomorphic to the ring C(Q) of all continuous functions on the space Q of 
its maximal ideals. Assuming that K also satisfies condition (**) we then 
find, in the same way as in the case of the ring C(S), that Q is a compact 
extension of S, identified with the set of maximal ideals generated by its 
points ; and from this it is also clear that the isomorphism between K and 
C(Q) can be realized by assigning to every function of C(Q) its restriction 
to S. Conversely, if Q is an arbitrary compact extension of S, then the 
subring K of C(S) formed by the restrictions to S of all possible functions 
of C(Q) satisfies the condition (*), because C(Q) satisfies this condition, 
and it satisfies the condition (**), because Q, as a compact Hausdorff space, 
is completely regular. / 


We can go further and characterize in topological terms all the symmetric 
closed subrings of C(S), and we do not even have to assume that S is regular. 


THEOREM 2: Let C(S) be the ring of all bounded continuous functions 
on a topological space S furnished with the uniform norm (1). Its closed 
subrings K satisfying the condition (*) of Theorem 1 (1.e., those that contain 
the complex conjugate of each of the functions belonging to them) are pre- 
cisely the subrings that are isomorphic to an arbitrary ring of the form 
C(Q’), where Q’ can be any compact extension of an arbitrary continuous 
completely regular image S”’ of S. 
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Proof: Let S” be an arbitrary completely regular space for which there 
exists a continuous mapping @ of S onto S’, and Q an arbitrary compact 
extension of this space S”. With every function f(g’)€C(Q’) we associate 
the function f(@(t#)) on S. Since @ can be regarded as a continuous mapping 
of S into Q’, we have f(m(t))EC(S), and it is not difficult to verify that 
these functions f(@(t)) form a closed subring K of C(S) that is isomorphic 
to C(Q’) and satisfies the condition (*). Conversely, let K be an arbitrary 
closed subring of C(S) satisfying condition (*). By Theorem 3 of § 8, it is 
isomorphic to the ring C(Q’) of all continuous functions on the space Q’ of 
its maximal ideals. To every point t€S there corresponds a maximal ideal 
of K and hence of C(Q’), i.e., a point t’€Q’ such that, for every function 
x€K and the corresponding function +’€C(Q’), we have 


a(t) = -+#'(?’). (2) 


We put #’ g(t) and assume that S’=q(S). Since every neighborhood 
of the point fo’ —q(to) ES” in the topology induced by C(Q’) contains a 
neighborhood of the form 


(PES: |xx(Q—xr(to|<e (k=1,...,.y}= 
= ({tES: |x, ()—xyo)|<e (=I, ..., m}), 


@ is a continuous mapping of S onto S’. Furthermore, S” is dense in 
C(Q’), because every function x+’€C(Q’) that is equal to zero on S” is also 
equal to zero on all of Q’ by formula (2), and Q’, as a compact Hausdorff 
space, is completely regular. Thus, Q’ is a compact extension of S”. / 


*2. By way of illustration, let us consider as the space S the line 
—o <t< o with its usual topology. There are many distinct compact 
extensions of this space. The minimal compact extension is obtained by 
adding to it the single point at infinity. The corresponding subring K CC(S) 
consists of the functions x(t) that have limits as t— + oo and t—— oo, and 


lim #(t)—= lim (tz). 
t » +00 t »>—co 
A wider subring is obtained when we consider the functions x(t) for which 
these limits exist but do not necessarily coincide. The corresponding com- 
pact extension is obtained by adjoining two points, — oo and + oo. 
One of the symmetric subrings of C(S) is the ring B of all continuous 
almost periodic functions on the line S. Since it separates the points of the 
line, S can be regarded as part of the space It(B) of maximal ideals of this 
subring. But B does not satisfy the condition (**) of Theorem 1; for 
example, B contains no function that is equal to O for all ¢=0 and is dif- 
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ferent from 0 for an arbitrary fo > 0. Therefore the space I(B) cannot be 
a compact extension of the line S in its original topology. But by Theorem 2, 
M(B) is a compact extension of the line S furnished with a certain weaker 
topology. Since the functions e* are generators of B, this is nothing other 
than the topology in which the periodic systems of intervals and the inter- 
sections of all possible finite collections of such systems form a fundamental 
system of neighborhoods. 


3. Let us examine the special case where the space S is itself compact. 
Then every continuous image of S is also a compact space and has no 
compact extension other than itself. Therefore, if S is compact, every 
symmetric closed subring K of C(S) 1s isomorphic to the ring C(Q), where 
Q is a continuous image of S. The space Q can be constructed from the 
subring K as follows. We call two points ¢’ and ¢” equivalent if «(¢’) = x(t”) 
for every function +(t)€K. This relation between points is reflexive, sym- 
metric, and transitive, 1.e., it is an equivalence relation and therefore splits 
S into a collection of classes t= {t¢} of mutually equivalent points. By 
regarding the classes t as new ‘points’ and by introducing the natural topology 
in the set of these points we obtain the space Q of maximal ideals of K. 
Note that the mapping S— Q 1s not only continuous, but also open (because 
S is compact). 


§ 44. The Problem of Arbitrary Closed Subrings of the Ring C(S) 


1. In this section it is assumed that S is compact; C(S) denotes, as usual, 
the ring of all continuous functions on S furnished with a uniform norm, 
and K a subring of C(S) that is closed under uniform convergence and 
separates the points of S. 

If the subring K is symmetric, i.e., if the complex conjugate x(t) of every 
function x(t) in K is also in K, then, by what has been proved at the end 
of the preceding section, K==C(S). Thus, it makes sense to consider only 
asymmetric subrings K of C(S) that separate the points of S. 

The anti-symmetric subrings form, in a way, a class opposite to that of 
the symmetric subrings. A ring of functions K is called anti-symmetric 
if it follows from x(t)€K, x(#)€K that +(t) const. A simple example is 
the subring 4 of the ring C(S) of all continuous functions on the closed unit 
circle S of the complex plane formed by the functions of C(S) that are 
analytic inside this circle. 

We shall soon show that a description of arbitrary closed subrings of 
C(S) reduces in principle to a description of the anti-symmetric subrings of 


this ring. 
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2. Let K be an arbitrary closed subring of C(S); the functions x(t) such 
that both x(t) and x(t) are in K form its greatest symmetric subring K’ (if 
K is symmetric, then K’==K; if K ts anti-symmetric, then K’ consists of 
constants only). The relation ‘¥(t,) = +(t2) for every x € K” between points 
ty, tg of S is an equivalence relation that determines a splitting of S into 
classes t= {t} of equivalent points (when K is symmetric, every individual 
point is a class; when K is anti-symmetric, the entire space S forms a single 
class). Every class t is obviously a closed set. We denote by K; the set 
of functions x(t) of K considered only on the class t. 

The following theorem shows that the whole ring K is, in a certain definite 
sense, ‘pasted together’ from the rings Kz. 

THEOREM 1: If a function f(t)EC(S) belongs to the ring Kr on every 
class t, then f(t) belongs to K. 

Proof: By what has been shown at the end of the preceding section, the 
space of maximal ideals of the symmetric ring K’ is a compactum S”’, a con- 
tinuous image of the compactum S having the classes t as its points. We 
choose a number e > 0 and consider an arbitrary class to. By assumption, 
the function f(t) coincides on this class with a function x9(t)€K. Since 
both f(t) and x9(t) are continuous on S, we can find a neighborhood Up of 
to in S within which the inequality 


| f(t) — x(t) | << 


is satisfied. Because the mapping S— S”’ is open, there exists a neighbor- 
hood V(t») of to in S’ such that every class t€ V(t) is entirely contained 
in Uo. These neighborhoods ’(t9), constructed for every point to9€S’, form 
a covering of the compactum S’. From this covering we select a finite 
covering ’,,..., V, such that no proper part of it covers the entire space S’. 
The corresponding functions of K will be denoted by +,(f), ..., +,(t) and 
the neighborhoods in S, by U,, ..., Un. By the lemma of $35, the ring 
K’ = C(S”) contains functions hy’(t), ..., hn’(t) with the following prop- 
erties: 


1) OSA/(t) S1; 
2) hj (*) =0 outside V;; 
3) hy’(t) +... thy’ (te) = 1. 


For every point t€ S we put A,(t) = h,’(t), where t is the class containing t. 
We form the difference 


i(t) —% hy(t).x,(2) => hilt) [F() —2)(8)]. 


For every point t only those terms of this sum can be different from zero 
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for which t€U; (because otherwise h;j(t)—=0). But for such terms we 
have, by construction, | f(#)—+,(t) | <e. Therefore, everywhere on S, 
we have 


f(t) — Say(s)x/(t) 
jul 


f(t) — +;(t) 


= > h;(t) 
fai 


n 
< > h(t) =e. 
j=l 


Since € is arbitrary, we see that f(t) is the limit of a sequence of elements 
of K. Since K is closed, we infer that f(t) itself belongs to K, as required. / 


The next theorem shows that every ring of functions K- is closed with 
respect to uniform convergence. 


THEOREM 2: Ky, is a complete normed ring with the norm 


|| + || = max | +(#) |. (1) 
tEt, 


Proof: We consider the ideal J;, in K consisting of all the functions of 
K that are equal to zero on the class to. This ideal is obviously closed and 
belongs to to, because for an arbitrary point ¢p not in to there is a function 
a(t)€K’ that assumes distinct values at tp and at a certain point t€t). The 
residue-class ring K/J;, can be regarded as consisting of functions of K, 
considered only on To (see § 34), 1.e., coinciding with K,,. But it is known 
that the residue-class ring of a complete normed ring with respect to any 
closed ideal is complete in its norm; therefore it is sufficient to verify that 
the norm in K/J,, coincides with the value (1). Let ¢ be an arbitrarily given 
positive number, #(#) an element of K/J;,, x(t) a function of K that coin- 
cides with x(t) on to, and U a neighborhood of t9 in S for which the follow- 
ing inequality holds: 

max | x(t) | << max | x(#) | + €. 
teu tE%, 


We choose the neighborhood 9 of to in S’, as in the proof of Theorem 1, 
in such a way that every class t€ V9 is entirely contained in U. We con- 
struct a function h’(t)€K’ = C(S”’) having the properties 


1) O= W(t) = 1, 2) hW’(t)) = 1, 3) W(x) =0 outside Vo. 


We consider the product of the corresponding functions h(t)€K and x(¢). 
Since h(t) vanishes outside U and assumes values between 0 and 1 on U, 
we have 


max | h(t)«(t) | == max | h(é)x(t) | S max | x(#) | < max | x(t) | +¢. 
S u 0 tet, 


But since h(t) 1 on to, h(t)4(t) occurs in the same residue class of 


230 VII. Rrincs witH UNIFORM CONVERGENCE 


J;, as «(t). Therefore, in accordance with the definition of a norm in a 
residue-class ring, 


| #0 lleg,, S| O20 [x= max | h(.zx(0) | < max | Hl) [+5 


and hence, since € is arbitrary, 


| #4) lL, y,, 5 max | #(0) |. (2) 


On the other hand, every element y(t) of the residue class determined by 
the function x(t) has the norm 


max | y(t) | = max | y(t) | = max | x(t) | 
tes tE%, tEt, 
in K. Therefore 
| #4 [lag = ine || 9 [Jae Z max | (6) |. 3) 


Combining (2) and (3), we obtain 


| #2) Le | #(t) |, 


as required. / 


*3. By way of illustration, we examine the structure of a ring K that is 
obtained as follows: Let S be the closed unit circle of the complex plane 
and A, the ring formed by the functions f(¢) that are continuous on S and 
analytic within S; we adjoin to A a set & of continuous real functions 
defined on S. The classes t mto which S splits under the construction 
described above fall into three types according to the following rule: 

1. The class t does not have interior points and does not bound any 
domain (in the sense that every point € not in t can be joined to o by a line 
passing outside fT). 

2. The class t has interior points, but does not bound any domain. 

3. The class t bounds a domain. 

For a class t of the first type, the ring K, contains all the polynomials in C 
and, by Theorem 2, is closed under uniform convergence in 1; by a well- 
known approximation theorem in the theory of functions of a complex vari- 
able [39] it is therefore the ring of all continuous functions on t. 

For a class t of the second type, the ring K-, for the same reasons, is the 
ring of all continuous functions on t that are analytic at interior points of 
this class. 
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Of the greatest interest are the rings K; corresponding to classes of the 
third type. In this case, as in the second, the ring K, consists of functions 
continuous on t and analytic at all interior points both of the class t and of 
the domain bounded by it; therefore the space of maximal ideals of K; is 
wider than t. 

By Theorem 1, the ring K consists of all continuous functions that on 
each class t belong to the corresponding ring K;. The ring K coincides 
with C(S) (and hence, every class consists of a single point only) if and 
only if all the classes t belong to the first type. 

If all the classes t belong to the first or the second type, then the ring K 
consists of all continuous functions on S that are analytic at the interior 
points of the classes t; the space of maximal ideals of K coincides in this 
case with the entire circle S. Finally, if there is a class to of the third type, 
then the set of maximal ideals of K is necessarily wider than S, because 
every maximal ideal of K,, determines a homomorphism into the field of 
complex numbers and thus a maximal ideal of K. Speaking geometrically, 
we must paste onto S the ‘film’ spanning the domain bounded by To, the 
edge of the film being attached to the boundary of the domain. 

Here are two simple examples: 

a) & is the set of all real functions on S that are equal to 0 on the circle 
|¢|==1. The classes t are the individual interior points and the whole 
circumference |€|==1. The latter class is of the third type. The space 
of maximal ideals of K is the aggregate of two circles pasted together at the 
circumference ; this is a two-dimensional set homeomorphic to a sphere. 

b) & is the set of all real functions on S whose values at every point 

depend only on its distance from the origin. The classes t are circles with 
center at O (one of them being this point itself); they are all (except the 
point O) of the third type. The space of maximal ideals of K is obtained 
from S by adjoining a continuum of ‘films’ stretched over each of these 
circles. Thus, M(K) in this case is three-dimensional (homeomorphic to a 
hemisphere described on S). 
4. As we have seen, Theorems 1 and 2, in general, reduce the investigation 
of the ring K to that of rings AK, given on smaller sets. If the rings K- are 
anti-symmetric, this means that the ring K in question is ‘pasted together’ 
in a definite manner from anti-symmetric rings. But if among the rings AK, 
there are also some that are not anti-symmetric, then the construction de- 
scribed can be repeated, and K; is decomposed into still ‘smaller’ rings K;-. 
Repeating this operation transfinitely, if necessary, we must eventually 
arrive at a complete decomposition of K into anti-symmetric rings. 

Observe that the question of an accurate description of the character of 
the pastings of anti-symmetric rings that are applied to the original ring K 
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(i.e., the analogue to Theorem 1) remains open in the general case (namely, 
for an infinite continuation of the process). But in any case, we have the 
right to restrict ourselves, in what follows, to a discussion of anti-symmetric 
subrings of K. 

The following natural condition has the effect of making the space S the 
carrier—the space of maximal ideals—of the subring K in question. Namely, 
if Q is the compactum of maximal ideals of K, then for Q ~S the ring K 
will naturally be studied as a subring of C(Q), and not of C(S). 

Further, the description of the structure of the subrings of C(S) will 
naturally be given in dependence on the topological invariants of S’, in the 
first instance on its dimension. Thus, if the space S ts zero-dimenstonal, 
then any closed subring K of C(S) having S as its space of maximal ideals 
coincides unth the whole ring C(S), just as in the symmetric case. For if 
S is zero-dimensional, then for any two distinct points ?’, t’” of this space, 
S can be divided into two closed sets without common points such that the 
first of these sets, F’, contains t’, and the second, F”, contains ¢’”’”. But then, 
according to the proof of Theorem 2 of § 14 on the decomposition of a ring 
into a direct sum of ideals, K contains a function e(t; ?’, ’’) that assumes the 
value 0 on F’ and the value 1 on FF”. The subring of real functions gen- 
erated by the functions e(t; /, t’”), where ¢ and ?” (;4?) ranges over the 
whole of S, satisfies the conditions of Theorem 1’ of §7 and therefore con- 
tains all the continuous real functions on S. But then K contains all the con- 
tinuous functions on S, i.e, K ==C(S), as required. 

The case of a carrier of positive dimension has not been completely investi- 
gated. Let us assume that there exists a function 2(t)€ K that assumes 
distinct values at distinct points of S. With the help of this function we 
can map S homeomorphically onto a closed bounded set F of points of the 
complex plane. For every point Ay that does not belong to F the ring K 
contains the function (g—A 9)—1; hence it follows that K contains all the 
rational functions of 2 with poles not belonging to F. Let us assume that F 
is of planar measure 0. Then, by a theorem of Hartogs and Rosenthal [39, 
25], every continuous function on F is the limit of a uniformly convergent 
sequence of rational functions with poles outside F ; thus, K = C(F) = C(S) 
in this case as well. 

Recently Helson and Quigley [26] have observed that this argument can 
be generalized as follows. Let us assume that K contains a system of 
functions 2,(¢),..., 2n(t), ... separating the points of S and that the set 
of values of each of these functions is of planar measure 0; then it turns out 
that in this case also, K==C(S). For by the preceding argument, all the 
functions of the form f(2:(¢)), g(zge(t)), etc. belong to K, where f, g, ... are 
arbitrary continuous functions on the set of values of the corresponding 
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functions 21(¢), Ze(t), etc. Restricting ourselves to real functions only, we 
see that K has an ‘ample set’ of them: for every pair of distinct points 
i’, ¢’ES we can find a real function of the form f(z,;(¢)) that assumes distinct 
values at #’ and ?”. But then, by Theorem 1’ of §7, K contains all the 
continuous real functions and consequently coincides with C(S). The con- 
ditions of this theorem are satisfied, for example, when the set of maximal 
ideals of K is a differentiable curve {2,(t), ..., 2n(¢)} in complex n»-dimen- 
sional space. 

Wermer [74] has shown that K —C(S) if K has two generators and if, 
in the corresponding complex two-dimensional space, the set S is a curve 
homeomorphic to a circle that does not bound a piece of an analytic surface. 

Thus, for one-dimensional carriers of the special type described, we can 
prove that K = C(S); in the general case, the problem remains open. 

It is rather likely that for a one-dimensional S we always have K = C(S). 

The ring A(G) of functions that are analytic inside a plane domain G 
and continuous on G (where G is the closure of G on the Riemann sphere) 
constitutes an example of an anti-symmetric ring with a two-dimensional 
carrier SG. Every subring of this ring with the same carrier—for ex- 
ample, the subring of functions that have the derivative 0 at a given interior 
point—is obviously also anti-symmetric. 

Note that the carrier C of such a ring does not always fit into the Euclidean 
plane. For example, if G is obtained by removing from the full complex 
plane (the Riemann sphere) a bounded closed set of planar measure 0 that 
does not divide the plane, then S = G is the whole Riemann sphere [21]. 

It is not known whether there exist anti-symmetric rings with two- 
dimensional carriers that are homeomorphic to a torus or more complicated 
closed surfaces. 

Recently Goffman and Singer [21] have proposed the following method 
of constructing anti-symmetric rings with carriers of an arbitrary dimension 
= 2. Let G bea plane domain and Q a compactum; we consider the ring R 
consisting of all continuous functions f(€,q) (CE€G,qEQ) defined on the 
topological product T—=G X Q and analytic in © for every fixed g. The 
carrier of A, as is easy to verify, is the space 7. Real functions occurring 
in R are constant in © for every fixed g. We now consider the subring 
R,CR formed by the functions f(€, g)€R that are constant in g for a fixed 
C==Ci. The carrier of RK, is the set T in which all the points (€i,q) have 
been identified. It is obvious that there are no real functions in FR; except 
constants. 

If Q is zero-dimensional, then T == G X Q is two-dimensional, and for a 
sufficiently complicated structure of the compactum Q the carrier of the 
ring R, cannot even be embedded in a Riemann sphere. If Q is one- 
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dimensional, then the carrier of R; is three-dimensional ; for example, when 
G is a circle and Q an interval, A; is an anti-symmetric ring with a carrier 
that is homeomorphic to a three-dimensional sphere. By increasing the 
dimension of Q we can construct anti-symmetric rings with carriers of 
arbitrary dimension = 2. 

Another example of an anti-symmetric ring is the ring 42(Ge) of analytic 
functions of two complex variables defined in a two-dimensional complex 
(four-dimensional real) domain Ge. By pasting onto 42(Ge), as before, we 
can obtain a new series of anti-symmetric rings with carriers of dimension- 
ality = 4. 

It would be interesting to ascertain whether every anti-symmetric ring 
can be obtained by a similar construction from the rings 4(G), A2(Ge), .... 


§ 45. Ideals in Rings with Uniform Convergence 


1. As we already know from § 36, every closed ideal in the ring C(S) of 
all continuous functions on a compactum S is the intersection of maximal 
ideals. In this section we shall discuss the problem of the structure of 
closed ideals in other rings with uniform convergence. 

Let K be an arbitrary subring of C(S) that is closed under uniform con- 
vergence. We split S into classes, as in § 44; within each class t every 
function x(t) in K whose complex conjugate x(t) is also in K has a constant 
value. This splitting gives rise to a collection of sets K; each of which 
consists of functions of K considered only on the class t. To every ideal 
JCK there corresponds the ideal J; CK, formed by the restrictions of the 
functions of J to t. We claim, first of all, that to a closed ideal J in C(S) 
there corresponds an ideal J, that 1s closed with respect to uniform con- 
vergence on t. Let a sequence of functions +,(t)€J; be given that is uni- 
formly convergent on t to a certain function x(t). Without loss of gen- 
erality we may assume that the inequalities 


ss | tn41(t) —4n(t) | << 1/2" (n=1,2,...) 


are satisfied. By assumption, the functions +,(t) can be extended from t 
to the entire space S so that a function of the ideal J is obtained. As in the 
proof of Theorem 2 of § 44, we can find a function h,(t) in K that is equal 
to 1 on t and such that 


max | halt) [asa(l) —a9(8)] | < 1/204 
The series 


a(t) +S halt) [tn (t) —aalt)] 


n=1 
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converges in K and all of the terms of the series, and hence the sum, belongs 
to J. But on t this sum is obviously x(t); thus, x(t) belongs to the ideal J,, 
as we have claimed. 

Next, we claim that the closed ideal JC K is the ‘pasting together’ of the 
ideals J; in the same sense as the ring K is the ‘pasting together’ of the 
rings K;: every function x(t)€C(S) that belongs on each class t to the ideal 
J, belongs to J. To satisfy ourselves of this, we only have to turn to the 
proof of Theorem 1 of § 44. It shows that the function x(t) is the limit of 
a sum of functions of the form +;,(t)h;(t), where +,(t) is an arbitrary exten- 
sion to the entire space S of a function %1,(t) defined on a class t and belong- 
ing on this class to the ideal J;. But for such an extension we can always 
take a function occurring in J. Hence x(t) is the limit of functions of J, 
and since J is closed, x(t)€J, as required. 

Thus, the problem of ideals in arbitrary rings with uniform convergence 
reduces to the same problem in anti-symmetric rings. 


2. As an example, let us examine the anti-symmetric ring 4, again letting 
S denote the closed unit circle in the complex plane. 

Every maximal ideal of this ring is formed by all the functions f(¢)€4 
that vanish at a certain point Oo, |Go| 1. For a maximal ideal M;, cor- 
responding to an interior point Co of S we can indicate all the primary ideals 
it contains; for every the set of functions f(C)€ A that vanish, and whose 
first m derivates vanish, at Cp is a primary ideal, and it is easy to verify 
that there are no other primary ideals belonging to M;,,.? 

The situation is more complicated with primary ideals of 4 correspond- 
ing to boundary points of S. It turns out that for a boundary point Co the 
ideals generated by the functions C—o, (C-—Co)?, ..., (C-—Co)*, ... coin- 
cide with the maximal ideal M;,. Moreover, Carleman, in 1926, proved the 
following theorem [9]: 


1[t is sufficient to show that when all the functions (¢ — ) "@o(t), where @o(f{o) ~ 0, 
belong to a primary ideal J contained in M,,, then so does ({— fo)". For every point 
~~ % of S we can find a function pE€J that does not vanish in some neighborhood 
of this point. By adjoining to these neighborhoods a neighborhood of f in which the 
function q@(¢) does not vanish, we obtain a covering of S from which we can choose 
a finite covering; let qo, qi, ..., @m be the corresponding functions; by construction, 
with the exception of @ they all belong to J. The ideal generated by these functions is 
not contained in any maximal ideal and therefore coincides with the whole ring 4; 
consequently, for suitable fo, fa, ..., fm we have the equation 


foo + fig~i +... t+ fmQ@m 21. 


We multiply this equation by (¢{—%)”. Then all the terms on the left-hand side 
belong to J, and on the right we have the function ({— t&)*, which therefore also 
belongs to J. 
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Let the funciton u(6)€A vanish on S at the point C==1 only and let tt 
not have a logarithmic residue. For every other function v(€)EA that is 
equal to 0 at C=1 there exists a sequence of polynomials P,(C) such that 
the functions u(C)Pa(C) converge uniformly on S to v(6). 

In terms of the theory of rings, this means that in the ring A the ideal 
generated by a function u(C) that 1s equal to 0 at C—1 and does not have 
a logarithmic residue (in particular, the functions (—1, (C—1)?, ... are of 
this kind) coincides with the maximal ideal corresponding to the point C=1. 


3. Now it turns out that with a more rapid decrease of the function u(€) as 
C— 1 one can discover non-trivial primary ideals generated by u(€). The 
following general theorem contains Carleman’s Theorem as a special case. 

THEOREM |: The functions ua(S) = (C—1) exp (a/(C—1)) OS a< ow) 
belong to the ring A and vanish at the point C==1 only. They generate dis- 
tinct closed ideals of A. Furthermore, every function u(C)€A that vanishes 
on S at C= 1 only generates an ideal that coincides with one of these ideals. 


Proof: For every real y the real part of the function y/(€— 1) assumes 
the constant value —y/d on the circle of diameter d that touches the line 
E==1 from the left at the point C1. Therefore | exp (a/(C— 1)) | is 
bounded on the unit circle for y==a > 0: 


Jexp -=; | =exp(— 5) <exp(—). 


Since the function exp (a/(€—1)) is analytic everywhere except at C—=1 
and does not vanish, the product (C— 1) exp (a/(C— 1)) = ua(C) belongs 
to A and vanishes at C= 1 only. 

Let us suppose that the ideal generated by ug() coincides with that gen- 
erated by ua(¢), where a <<. In that case there exists a sequence of func- 
tions f,(¢)€A such that be | fn(C)ue(S) —ue(S)|>0 as no. In 


particular, at every point C1 


lim fn (0) = exp g—- (1) 
m> C 


For a given € > 0 we can find a number WN such that for n > N we have the 
inequality 


a 


|6—1) fa exp -E,-—G— Nexpe24|<e 


for all |¢ | 1. Hence we obtain, in succession, for C1 


2In other words, the harmonic function log | «(¢) | is determined on the circle 
| ¢| S1 by its boundary values in accordance with Poisson’s formula. 
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\e— l)expp—° [fa © exp p= —- 1] ||<e. 
fa exp Faz — 1|< peta | exe a 
fa exp $+ | < gy, | exp (—-44)|+1< 
2+ 6 we 
Z a yl 


1G) fa OL < | exp 4 | {2+ e|exp(— 744) ]}. 
If, in particular, |€ |= 1, then, as we have seen, 


a—Bpj] B—a 
Jexp es |= exp 5 


a 


a 
lex (—e55)| =e z- 
Therefore we obtain, for |¢|—=1, €1, 
\&—1)f, © |S exp — — es «(2 cexp 5 z= = const. 


Since the function (C—1)fn(€) is continuous, this inequality is also true 
for C1, and by the maximum principle, for || <1 as well. Therefore 
we have for all € with |¢| 1 


| fnx(C) | Sconst./| C—1 |, Jim | fr(C) | Sconst./|C—1]. 


But this last inequality contradicts the limit relation (1), and this proves the 
first part of the theorem. 

For the proof of the second part, we consider, following Carleman, the 
harmonic function f(€) == —log | u(€) |, for a given function u(C)€A that is 
equal to 0 on S only at the point C—=1. There is a neighborhood of C= 1 
in which we have | #(€) | <1 and f(€) > 0; therefore, for sufficiently large 
r<l1 and sufficiently small ¢ > 0, the second term on the right-hand side 
of the equation 


2r—6 


f(0)= oF bf f (re#) dd = oe = J f (re*®) dd + = ae L free d§ 


is positive. In the inequality 


Qnr~—e 


Lf fread < F@) 


€ 
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we can pass to the limit as r— 1 and then as e—0, and this yields the 
existence of the improper integral 


QR 
x | fe a0 
0 


and the inequality 


20 
x f Fe a9 < Fo). 
0 


Letting a denote the difference between the left-hand and right-hand sides 
of the inequality, we obviously have 


a= lim lim | f (ret) a8. 
e>0 r>1°* 


For r< R <1 we have, by Poisson’s Formula, 


R?— r? 


1 
IVEY = an f R® — 2Rr cos (8 — 9) + r? f (Re) dé = 
0 


2n—e 


1 R2 — 72 
—a J RE=ORr cos O— gy pe f (REM) a+ 


— 72 
On | R%— 2Rr cos Soa ~) + r2 f (Re*) ao. (2) 


Since for fixed r and R— 1 the Poisson kernel is bounded, the first term 
of the sum (2), and consequently the second term as well, has a limit for 
R—-1,e—0. It is easy to verify that the limit of the second term is equal to 


. 1—r? 
1— 2r cos + r? ° 


Thus, we obtain 


2n 
1 i—r 
fremage f Bapraey er were AG ) 28 + 
0 


Sg ae oe 
1—2rcose+r?° 


For the function “(€) we have, correspondingly, 
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u(S) = exp (- = [etree a0+c) exp (— a; te) — 
0 
= u, (0) a, (0), 


where u1(C) is a function without logarithmic residue and 


ta (©) = exp (a Sane +)= C,e exp 4 


By Carleman’s Theorem, there exists a sequence of polynomials P,(€) such 
that the functions ,(¢)P,(6) converge uniformly to C—1. Hence the 
sequence 1;(€)P,(C)ue(C) converges uniformly to uea(C). Thus, the ideal 
generated by u(C) contains uea(6). But also, conversely, in an obvious way 
we can form a sequence of polynomials of the form (€C— 1)Q,(€) that con- 
verges uniformly to “,(C); hence the functions Q,n(C)uea(C) converge uni- 
formly to u1(C)we(C) = u(C), ie., u(€) belongs to the ideal generated by 
Usa(C). Thus, the ideals generated by u(€) and uea(S) coincide. / 


This theorem gives an idea of the disposition of primary ideals of the 
ring 4. 
4, Recently, Rudin has given a complete description of the closed ideals 


of A. Let us quote his results. 
Assume that there are given: 1) a Blaschke product 


BOSC an— | an| 
es LI Farrag 1—ant an 
(0<|anl<1, Za laq1) <9} 
2) a measure yp that is concentrated on a set E lying on the circle |€ | —1, 


including all the limit points of the sequence a, and having Lebesgue measure 
zero. We put 


MO—=BOep|—_ f Fea hl; 


| 2|=1 


M(C) is a bounded function whose radial limit values for | € | > 1 are almost 
everywhere 1. The set J(B,) of all functions f(€)€A that vanish on E£ 
and have a bounded quotient f(€)/M/(¢) is a closed ideal of 4. It can be 
shown that every closed ideal of 4 is of the form /(B, p). 

Furthermore, Rudin has shown that every closed ideal J of A is a prin- 
cipal ideal (i.e., is generated by a single function f(€)) and that the ideal 
I(B,p) is the intersection of primary ideals if and only if the measure p 1s 
discrete. 


CHAPTER VIII 


NORMED RINGS WITH AN INVOLUTION 
AND THEIR REPRESENTATIONS? 


1. In this chapter! we study rings (mainly non-commutative rings) in which 
an operation of involution (*-operation) is introduced axiomatically. The 
representation of such rings by operators in a Hilbert space are investigated 
by means of positive functionals. The results obtained are applied to the 
theory of representations of locally compact groups. 


2. The theory of commutative normed rings, as developed in the papers 
[79] and [83] has proved a useful apparatus for the solution of various 
problems of analysis. It has also been applied with success in the theory 
of commutative topological groups. 

For applications of analogous methods to non-commutative groups it has 
turned out to be necessary to develop a theory of non-commutative normed 
rings. 

Since an operation of involution can be introduced in a group ring in a 
natural way, the problem that arises in the first place is the investigation 
of rings in which an operation of involution (*-operation) is given. 

One class of such rings (the so-called *-rings) was discussed by the 
authors in the paper [80]. In that paper it appeared that in the theory of 
rings with an involution an important role is played by positive functionals 
that is, functionals that satisfy the condition f(**r) = 0. 

Positive functionals on a group ring and the positive-definite functions 
on the group connected with them were used by Gelfand and Raikov in 
[82] in order to prove the existence and completeness of the system of con- 
tinuous representations of a locally compact group. 


1.n the original Russian text, the present chapter was called an appendix. 


2 The present chapter is written by I.M. Gelfand and M.A. Naimark; it reproduces, 
with some improvements of an editorial nature, the paper that appeared in Izv. AN. 
USSR., ser. mat., 12 (1948), 445-480. A section contained in the original concerned 
with the generalized Schur Lemma, which is rather far removed from the basic theme 
of the present chapter, is omitted here. 
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The present chapter is devoted to the general theory of rings with an 
involution and their representations in conjunction with the theory of posi- 
tive functionals, 

Certain methods to be explained here, particularly in § 50, are essentially 
an extension of the methods of the paper [82] to the case of an arbitrary 
ring with an involution.® 


§ 46. Rings with an Involution and their Representations 


1. A set R of elements +, y, ... is called a normed ring if: 


1. FR is a ring, 1.e., operations of addition and multiplication satisfying 
the usual algebraic conditions are defined in Rk. We also assume that ¥ has 
a unit element e. 

2. R is a linear vector space with multiplication by complex numbers, 
where this multiplication is permutable with the operation of multiplication 
of elements in RF. 

3. A norm is defined in R, i.e., every element + is associated with a 
number | # | such that 


Je+y|Slel[+ly,  ley|Slel-lyl. 
|#|=20  andisequaltozeroonlyfor «0. 


Jaw |= Al[*|,  fel=1. 
4. The ring is complete, 1.e., from 


lim | #,—4m |—=0 
mM, N->» 00 


there follows the existence of an x such that 


lim | #,—* | =0. 
1h > 00 
2. DEFINITION 1: A normed ring R is said to be a ring with an involution 
if an operation 1s defined in it that assigns to every element x an element +* 
such that the following conditions are satisfied: 
a) (Aw + py)* = Ae* + py; c) (wy) *¥ = yee; 
b): ate" 2) ae aa 
In the balance of this chapter it is to be understood, even without specific 
mention, that every ring under discussion is a ring with an involution. 
An element ~ is called Hermitian if «* = x. 


3 We should like to express our thanks here to D. A. Raikov, who has read the 
paper and made a number of valuable critical remarks. 
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Every element x can be represented in the form += -+4,-+1%2, where 
41, ¥2 are Hermitian elements. For it is sufficient to put 


41 [x + +*]/2, 


Ho == [x — 4x*] /21. 
The element +*x is always Hermitian, because 
(2te) sy Sse 


In particular, since e* == e*e, we have e = e*, i.e., ¢ is a Hermitian element. 

Some results of this chapter remain valid when only the algebraic condi- 
tions of our list of conditions are retained, namely, Axioms 1. and 2. and 
a), b), c). 

A typical example of a ring with an involution is the ring K of all bounded 
linear operators in a Hilbert space. Here the x-operation is interpreted 
as the transition from an operator to its Hermitian conjugate. 

In this context, it is natural to study homomorphic mappings of a ring 
with an involution into K that preserve the *-operation. Such a mapping 
will be called a representation of the ring. In other words, we introduce 
the following definition. 


3. DEFINITION 2: We shall say that a representation of a ring R is given 
if every element a€F is associated with an operation 4€K in a Hilbert 
space § (we shall denote this for brevity as a— A, or A(a)), provided the 
following conditions are satisfied: 


l. Ifa—->A,b—-B, then ab— AB andia+ wb>1A+ uB; 
2. If a> A, then a*¥ > A*; 
3. eo, 


DEFINITION 3: The representation is called cyclic if the space contains 
a vector E such that the vectors A& (A are the operators corresponding 
to the elements of R) are everywhere dense in §. The vector & is also 
called cyclic. 


Suppose that two representations are given, the first of which assigns to 
the element a the operator A(a) in a space § and the other, the operator 
A’(a) in a space §’. We shall say that these are equivalent representations 
if a one-to-one correspondence can be set up between § and §’ in which 
the operator A(a) corresponds to A’(a). 

A subspace §:C® is called invariant if every vector of $1 is carried by 
all the operators A(a) into vectors of 4. 

By regarding all the operators of the representation only as operators in 
$1 we obtain a representation of R in the space §;. We shall call this 
representation a part of the original representation in §. 
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If $1 1s invariant, then its orthogonal complement is also invariant. For 
let § be orthogonal to §u, i.e., (€, 4) =O for all 4€ $1. Then 


(A(a)E, n) = (6, A*(a)n) —0, 


because $1 is invariant with respect to the operators that are images of 
elements of R, and A*(a) is the image of a*. 


4, Ifa representation of a ring R in a space § is given, then the space can 
be decomposed into the direct sum of invariant subspaces such that the 
representation is cyclic in each of them. For let E>40 be an arbitrary 
fixed vector of §. We consider the set of all vectors A(a)Eo, where a 
ranges over the entire ring R. The closure of this set forms an invariant 
subspace $1 of § in which the representation is cyclic. The orthogonal 
complement of this subspace is also invariant. In this space we proceed 
as before, etc. Using transfinite mduction we arrive at the required 
decomposition. 

DEFINITION 4: A representation is called irreductble if § has no sub- 
spaces invariant with respect to all the operators A(a), other than § and 0. 

If a representation is irreducible, then it is clear that every vector § 40 
is cyclic. Obviously, the converse is aJso true. 

THEOREM 1: A representation ts irreducible if and only if every bounded 
operator B that is permutable with the operators A(a) 1s a multiple of the 
unit element. 

Proof of the Necessity: Let B be permutable with all the A(a). To 
begin with, we assume that B is Hermitian. Then every function of B is also 
permutable with A(a). In particular, the projection operators E(A) that 
give the spectral decomposition of B are also permutable with A(a). But 
this means that the subspaces corresponding to them are invariant with 
respect to A(a). Since the representation is irreducible, this means that 
each of these subspaces is either the null space or the whole space. Thus, 
for every A, E(A) is either zero or E. Since (E(A)E,§) increases mono- 
tonically with increasing i, it follows from this that there exists a Ag such 
that E(A)= E for (>A, and E(A) =O for A< Ao. Hence it follows that 


B= f Md E(h) =oE. 


=O 


If B is an arbitrary bounded operator, then B* is also permutable with all 
the A(a). For, 


B*A (a) = (A*(a)B)* = (BA*(a))* = A(a)B*. 
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Therefore the Hermitian operators (B + B*)/2 and (B — B*)/2i are mul- 
tiples of the unit operators, and consequently so is B. 

Proof of the Sufficiency: Let us assume the contrary, 1.e., that the rep- 
resentation is reducible. Then there exists an invariant subspace §, dif- 
ferent from 0 and from the whole space. We denote the projection operator 
corresponding to this subspace by £;. Then £, is permutable with all the 
A(a) (since $, is invariant with respect to A(a)). But F; is not a multiple 
of EF, because §, is different from 0 and from the whole space. We have 
thus reached a contradiction. / 


§ 47. Positive Functionals and their Connection with 
Representations of Rings 


1. DEFINITION 5: A positive linear functional is a function f(x) that 
assigns to every x€ R a complex number f(x) such that: 

1. f(Ae + wy) =Af(x) + vfly); 

2. f(a*x) = 0 for every x. 

The function f(%) is called a real linear functional if: 


1. fhe + wy) == Af(~) + wi(y) 5 
2. f(%) is continuous ; 


3. f(x*) =f(#) for every x. 


It is obvious that if f(#) is a positive functional, then f(e) 20, because 
e*e=e. 

Every continuous linear functional f(x) can be represented in the form 
f=f1i+tfe, where f, and fe are real functionals. For this it is sufficient 
to put 


flv) = [f(x) + fla*)] /2 and fo(x) = [f(x) —f(z*)] /2i. 


It is easy to verify that f,; and fe are real linear functionals. 

Below, we shall show that every positive functional is real and hence 
that every linear combination of positive functionals with real coefficients 
is a real linear functional. The converse is not true in general. We shall 
later give a counter-example. 


2. In what follows, we shall often make use of the following inequality : 
Let f(x) be a positive functional. Then for arbitrary + and y we have 


| F(y*x) |? S fly*y)f(a*e). (1) 


The proof of this inequality is an exact replica of the usual proof of the 
Schwarz inequality.* 


4In the original text the Cauchy-BunyakovskiI Inequality. 
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THEOREM 1: Every positive linear functional f is real and satisfies the 
imequality 


| f(#) | S fle) | + |. (2) 
Proof: Let us assume, to begin with, that | #|< land «*=2. We put 
ES 
y= (e—x)? = 
ie pick i Ng DN oe a od ag 
—_ 2 2i 2 2 at 2 2 2 : 


this series converges, because |x|< 1. In virtue of condition d) of 
Definition 1 of § 46, an involution is continuous; therefore y*—y; 
moreover 

yy = y* Se — 4, 


which is easy to prove by squaring the power series. Therefore . 
f(e— x) =fly*y) 20, 


ie., f(x) is real and f(x) = fe). 

We obtain f(4) =—f(e) similarly. 

It is easy to get rid of the restriction | x | <1. We then obtain: if «* = +, 
then f(x) is real and 


| f(7) | S fle) | +. 


Hence it follows that f(7*) f(x) for every x. For, 
f(x) =F(=5*) +i (75). 


x ee aa ‘ 
fie =t(=5*)—y (2 _ ); 
f((# + #*)/2) and f((*— «*)/2t), by what has been proved above, are real ; 


therefore f(«*) f(x). It now remains to prove that f(x) is a continuous 
function of x. For this, it is sufficient to prove the inequality (2) for 
every +€R. We have already proved this inequality for Hermitian ele- 


ments #—in particular, for elements of the form x*x. Thus, 


f(x*x) S fle) | «*e |, 
and therefore 


flax) S fle) | + |?. (3) 


On the other hand, by putting ye in (1), we obtain 
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| F(x) |? S fle) f(+*x), 


| f(x) |? S fle)? | x |? 
Thus, the inequality (2) is proved for all elements rE R. / 


and therefore, by (3), 


3. We shall now give an example of a ring and a real functional on it that 
is not representable as a linear combination of positive functionals. 

Let the elements of the ring R be the set of complex functions x(z) that 
are analytic for |2| <1 and continuous in the circle |z|1. We put 
| x | ee | (2) |. We define sums and products as the sums and prod- 


ucts of the functions ; x* is defined by the equation +*(z) = x(z). It will be 
shown in § 50 that every positive functional in this ring is of the form 


+1 


f(x)—= f x(do(2), 


int 


where o(f) is a monotonic function given on the interval [—1, + 1] of the 
real t-axis. 
We now consider the following real functional : 


f(x) = [x(20) + + (20) ] /2, 


where 2o is a fixed non-real number such that | 29 | <= 1. Then it is not 
difficult to verify that there does not exist a complex function of bounded 
variation o;(t) such that 

+1 


[x(z0) + x(20)]/2= ff x(t)dor(2). 
-1i 


For let us suppose that there exists a o1(t) such that 
+1 


J #()dox(#) = [(20) + (@0)]/2 


~1 


for every function that is analytic in the unit circle. We substitute 
Xn(2) =(1/n) exp (inz) for +(z) in this equation, Then the left-hand side 
of the equation tends to zero as n—> 00, but the absolute value of the right- 
hand side tends to o ; that is, we have reached a contradiction. This means 
that f;(#) is not representable as a linear combination of positive functionals. 

Every representation of a ring R provides us with a set of positive func- 
tionals. For let &) be any vector of the space §. We put 


f(a) = (A(a)Eo, &o). (4) 
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Then f(a) is a positive functional. For, 


f(a*a) = (A(a*a)Eo, 50) = 
= (A*(a)A(a)Eo, 0) = (A(a)Eo, A(a)&o) = 0. 


THEOREM 2: Every representation of a ring R with an involution 1s 
continuous. Furthermore, | A| =| al. 
Proof: Applying the inequality (3) to the positive functional 


f(a) = (A(a)&o, Eo), 
we obtain 
| (A(a*a)Eo, Eo) S (0, Eo) | a2, 
1.€., 
| A(a)&o —_ | a ? | Eo ie 


Since § is an arbitrary vector, this inequality means that | 4 | [a]. 


4. Our immediate object is to give a description of representations by 
means of positive functionals. It is better to do this first for cyclic 
representations. 

Let two cyclic representations of a ring FR be given, one in the space 
and one in the space §’. We denote the operators corresponding to an 
element a by A(a) and A’(a), respectively. Let & and &’ be cyclic vectors 
of the corresponding representations. We put 


f(a) = (A(a) Eo, Eo) and f(a)= (A’(a) Eo’, Eo). 


We shall show that if f(a) f(a) for every a, then the representations 
are equivalent. 

We set up a correspondence between the vectors of the spaces § and §’ 
in the following way. Let €==-A& >. Then we associate with it the vector 
E’== A’E0’. We shall show that this correspondence is isometric. It then 
follows that it is one to one. In order to prove the isometry, let us show 
that the scalar products of corresponding vectors coincide. Let 


by = Alby ES — Aiko 
5. = Ans, ES i Ago 
Then 
(, §,) = (4,5) A,§,) = (ADA, Eo § =F (4,4,), 
Cl, R= (ATE, ALE) = (MATE, UY) = f” (ata,). 
Since f(7) =f’(+), we see that (E1, 2) = (Ey’, Ee’), ie., for elements of the 
form AE, (or of the form A’E9’) the isometry is proved. 
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Since both representations are cyclic, the set of such elements is dense 
in § and §’, respectively. We may therefore extend this correspondence 
by continuity to all of § and 9’. 

We have thus seen that a cyclic representation is uniquely determined 
to within an equivalence by the positive functional (4). The problem now 
arises, Does there exist, for every positive functional, a representation in 
which this functional can be written in the form (4)? We shall show 
that the answer to this question is in the affirmative. 

Suppose that a positive functional f(z) in R is given. By making use of 
this functional, we introduce a scalar product in R in the following way. 
We put 

(+, y) = f(ly*e). 


We shall consider x to be equivalent to zero if 
(4, 7) = f(a*r) =0. 


Two elements shall be called equivalent if their difference is equivalent 
to zero. 

The set of elements that are equivalent to zero forms a left ideal in R. 
For suppose that + ~ 0 and that y is an arbitrary element. Then 


f((yx)*yx) = fla*y* yr) = f(2r), 


where z= -sr*y*¥y. By the inequality (1), we have 


| Flea) | SV fe*ex) \/F(e*2), 


and consequently f(zr)=-0, te, yr~O. If 41 ~0 and xe~0, then 
41+ 42 ~ 0, because 


f((41 + %2)*(41 + %e)) = 
== f(41*41) + f(%2*r1) + f(4i*%2) + flro*re). 


The first and fourth terms on the right-hand side are equal to zero, by 
definition; and that the second and third terms are zero can again be 
deduced from (1). 

Let us verify that the axioms for a scalar product are satisfied. 

1. (x,y) =(y,x%). For in virtue of the fact that a positive functional is 
real, we have 


a 


f(y*x) == f((y*x)*) = flay). 


2. (Art py, 2) =A(4, 2) + wl, 2). This is obvious. 
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3. (4,4) 20. This is obvious. The fact that (+, +) ==0 only for x ~ 0 


follows from the definition of equivalence to zero. 


We denote the space so obtained by §. In general, it is not complete. 
We denote its completion by §. We shall now construct a representation 
in this space in the following way: With every element a we associate an 
operator A in § by the formula Ax ==ax. We have only to verify that if 
41 ~ Xe, then Ax; ~~ Axe. This is clear, because if +;—%2~ 0, then 
a(+#1—72) ~ 0, in virtue of the fact that the set of elements equivalent to 
zero forms an ideal. 

Let us show that the operator A is bounded and that 


| 4 |S]al. (5) 
By definition, (47, Ax) = f(4*a*arxr). We put 
fly) =fla* yz), 
keeping x fixed. f(y) is also a positive functional. For, 
fily*y) = fla*y*yx) = f((yr)*ya) = 0. 


Therefore, by (2), 


fila*a) S fi(e) | a*a| S| fa(e) || @[?, 


i.e., 
f(a*a*ax) S flx*x) | a |?, 
or 
(Ax, Ax) S (x, x) | a |?. 
Thus, 


|A|?= sup (Ax, Ax) S]a/?, 
(@, 2) =1 
1.e., the inequality (5) is proved. We have shown that the operator 4, 
defined on §, is bounded; therefore we can extend the definition to the 
closure § of §. After this extension, the norm of A, as before, does not 
exceed | a |. 

We shall now show that the mapping a— A is a representation of the 
ring R. First, it is obvious that if a> A, b> B, then Aa+ pb>iAA+ ps 
and ab—> AB. 

Let us show that if a— A, then a* goes over into 4*—in other words, 
that (ax, y) == (+, a*y). But this is in fact the case, because (ax, y) = f(y*ax) 
and 

(x, a*y) = f((a*y)*x) = f(y*ax) = (ax, y). 
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Let us show that the representation so obtained is cyclic. As our vector 
Eo, we choose the element +=e. Then the set of vectors AE, is in our 
case the set of all a, i.e., the entire space §, and it is therefore dense in 8. 
This proves the cyclicity. 

Next, it is obvious that for this choice of 6) we have, by definition of the 
scalar product, 


(AEo, 50) = (a, e) = f(e*a) = f(a). 


Thus, we have constructed a representation of the ring by means of the 
preassigned positive linear functional f. Our results can be combined in 
the form of a theorem: 

THEOREM 3: To every cyclic representation of a ring R with a cyclic 
vector E> there corresponds a positive linear functional 


f(a) = (A(a)&o, &o), (6) 


where A(a) is the operator corresponding to the element a. The representa- 
tion 1s uniquely determined by the functional f(x) to within equivalence. 

Conversely, to every positive linear functional f(a) there corresponds a 
cyclic representation such that f(a) ts defined by the formula (6). 


5. If a representation a—> A in a space § is given, then to every element 
E€ there corresponds the positive functional f(a) = (A(a)6, &). 

When we replace the vector & by A&, with |A|==1, then f(a) remains 
unchanged. 

In general, vectors that are not proportional may yield the same func- 
tional f(a). However, we have the following theorem. 

THEOREM 4: Let there be given an irreducible representation of a ring R. 
We put (A§,, 1) —f.(a) and (A&2, E2) = fo(a). 

If fila) = fe(a), then 6s =Eo, where |X| —=1. 

Proof: Since the representation is irreducible and &, 540, the set of 
vectors AE, is everywhere dense in §. 

We define an operator U in the following way: if §== A§,, then we put 
UE=- AE. Let us show that the operator so constructed preserves the 
length of vectors. We have 


(UE, UE) = (AEs, AE2) = (A* AEs, Ss) = 
==(A*AEj, E1) coe (AE, AE;) =< (&, 5), 


and hence it follows that the operator U is uniquely determined. For if 
A’E, = A”E,, then = (A’— A”)E,=—0, and therefore UE=—O, ie., 
A’Eo = A”Es. We extend the bounded operator U by continuity to all of ©. 

Let us show that the operator U is permutable with all the operators 4 
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of the representation. For let 4g be an operator of the representation and 
let the vector E have the form E= A&,. Then 49§ = AoA, ie., by defi- 
nition of U, we have UAgE== AnAEs. But 


AjgUE — A, UAE, — AoA Es. 


Thus, for vectors of the form E==4&,, we have 4n)1UE=—=UA,E. In 
virtue of the fact that these elements are everywhere dense, we obtain 
AjU = UA». Thus, U is permutable with all the operators of an irreducible 
representation and therefore, by Theorem 1 of §46, UAE. But this 
means that 


— OE, = AE. 


§ 48. Embedding of a Ring with an Involution in a Ring of Operators 


1. Let a ring R with an involution be given. It may happen that the ring 
can be simplified, but simplified in such a way that the set of positive 
functionals—or, what is the same, of representations—remains the same. 

For example, in §47 we mentioned the ring of analytic functions given 
in acircle. Every positive functional in this ring is given by a formula 


+1 
fle)—= ff x(t)do(t), 


where a(t) is a monotonic function. But the same set of positive functionals 
belongs to the’ ring of all continuous functions on the interval [—1, + 1]. 
More accurately, we pose the problem in the following way. 
To replace the norm |#| in R by a norm | + |, as small as possible, but 
so that the set of positive functionals in F (i.e., the set of cyclic representa- 
tions) remains the same. The new norm must be such that 


fet [ety Siehtlyly re 


Jey fs Sle lily |e |a* =| 4 |b | #1 20. 


In the new norm there may be elements +0 for which |#|,;—=0. In 
that case, we declare them to be equivalent to zero and thus go over to a 
new ring. 

Furthermore, it may happen that in the new norm the ring FR is not 
complete. Then we complete it. We also see that after introduction of 
the new norm the ring R becomes isomorphic to a ring of operators in a 
Hilbert space and the norm goes over into the operator norm in the Hilbert 
space. 
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2. Lemma 1: Let a set of norms | x |a be introduced in R, each of them 

satisfying the condition (1). Let each of these norms be such that R can be 

mapped isomorphically, and with preservation of the involution and the 

norm, into a ring of operators in a Hilbert space. Lastly, for every x let 

sup|*%la< oo. Then in the norm|x\,=sup|+|la the ring R can be 
a a 


mapped isomorphically, and with preservation of the norm and the involu- 
tion, into a ring of operators in a Hilbert space. 

Proof: Let us assume that for the norm | + | the ring is realized as a 
ring of operators in the space Qa. 

We consider the space § that is the orthogonal direct sum of the spaces 
Sa. If we denote the vectors in Sa by E%, then the vectors in § are E = {§%}, 
where {€%} is different from zero for not more than a countable set of 
values a and 


Dy | ba PP=|EP < 0. 
The scalar product is defined by the formula 


(&, 1) = >, (Ea, Na). 


To every a there corresponds, by definition, an operator X,'*) in Qa, 
with | X_'“)|==|a|e. In the space ©, to the element a there corresponds 
the operator X,, defined as follows: 


Xq {8,} = {Xe"t,}. 
The operator X, is bounded. For 


[XE P= Dl xe Ps DIXP PRP S sup AYP DEI. 


It is easy to see that sup] X,°*) |==|X,|==|a|i. Thus we have realized 


the ring R with the norm | a|, in the form of a ring of operators in a Hilbert 
space. / 


Lemma 2: In the ring R let a norm | x lo be introduced satisfying the 
condition (1), and let a representation a— Xq of R be given that 1s con- 
tinuous in this norm.® Then | Xq| Shao. 

Proof: Since this representation is continuous, we can extend it to the 
completion Ry of R. We then obtain a representation of the complete 


5 When we say that the representation a> X« is continuous in the norm | + |» satisfy- 
ing the conditions (1), then we also require that |a@|,—=0 should imply X.=0, 1e., 
that elements equivalent to zero in this norm go over into 0. 
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ring Ro. For this, the inequality | X ¢| =| a@|o holds, according to Theorem 2 
of §47. / 

THEOREM 1: In the ring R we can introduce a norm | x |; satisfying the 
following conditions: 

1. |x|, satisfies (1). 

2. Every representation of R is continuous in the norm | x \1. 

3. If any other norm |x |2 also satisfies the conditions 1. and 2., then 
| #]1 S| lo for every x. 

4. The ring R with the norm |x|, can be mapped tsomorphically, and 
with preservation of the involution and the norm, into a ring of operators 
in a Hilbert space. 

It is clear that the norm | 7 |; is uniquely determined by the conditions 
L253: 

Proof: We consider the set of all cyclic representations of the given 
ring® and denote each cyclic representation by a symbol a. In this repre- 


sentation let the element @ correspond to the operator X,'*. By Theorem 
2 of §47, | Xa‘ |S|a|. We put 


| a a= | Xo |; 


|@|« is a norm satisfying the conditions (1) of this section. Now we put 
|a|1==sup|ala. Then we have |a|1;|a|, since |a|e=|a|. 
a 


By Lemma 1, the ring R with the norm |a|j, satisfies the conditions (1) 
and can be realized as a ring of operators in a certain Hilbert space ©. 

Every cyclic representation of R is continuous in the norm |a@|;._ For let 
a cyclic representation a—> X,"™ be given. Then 


Xe |= lala sup|ala=| aly 


Every representation splits into a direct sum of cyclic representations and is 
therefore also continuous in this norm. 

Thus, we have shown that | a], satisfies the conditions 1., 2., and 4. Let 
us show that the condition 3. is also satisfied. Let a norm | # |s satisfying 
the conditions (1) be given in which all the representations of R are con- 
tinuous. Then we have, by Lemma 2, 


| Xa |S fale, 
i.e., |@laS|ale. Therefore, 


6 We only take a cyclic representation, because every representation breaks up into 
cyclic ones, 
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|a [1 sup|a|eS| al. 
a 


This completes the proof of the theorem. / 


THEOREM 2: The equation 


| # |1 = sup 1/ f(x*z) (2) 


holds, where sup is extended over all positive functionals f for which 
f(e) =1. 

Proof: Every cyclic representation can be described (§ 47) by a positive 
linear functional f. Let us find the norm of the operator X, corresponding 
to the element a in this representation. We have 


(Xqx, Xqx) = f((ax)*ax) = flx*a%ax), (x, ~) = f(4*x). 


We introduce the functional f,(y) = f(#*yx), keeping x fixed. f,(y) is a 
positive functional and 


fale) =f(a*x), | Xa |? sup (Xor, Xa4), 
where sup is taken over all x for which (4%, +) —=1; thus, 
|X. |? = sup fa(a*a), 


where sup is taken over all x for which f,(e) = 1. 

Therefore |X, |? S sup f(a*a), where sup is taken over all the positive 
functionals f for which f(e) 1. 

If we denote this representation by the subscript a, then 


| a |a? S sup f(a*a), 


in virtue of the conditions that f(e) == 1 and f is a positive linear functional. 
Therefore 
|a|1?==sup|alo?= sup f(a*a). 
0 f{e)=1 
On the other hand, 
f(a*a) —— (Xae, X qe). 


Therefore, if f(e) == 1, then 
fla*a) <|X,/?—|a|e?< sup |a |e? =a] 


and consequently 
sup f(a*a) = |a|,?. 
f(e)=1 


This completes the proof. // 
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3. Note 1: All the arguments of this section remain valid if there is no 
norm at all in the original ring, i.e., if it is defined only by the axioms lL., 
2. (§ 46.1) and a), b), c), d) (§ 46.2); we need only impose the additional 


condition that for every x 


sup f(x*r) < 00, 


where sup is taken over all positive f for which f(e) —1. 

Note 2: The set J of elements for which | +], ==0 (we call them equiva- 
lent to zero) forms a two-sided ideal. These elements x can be characterized 
by the fact that they go over into 0 in every representation or, to put it 
differently, that every positive functional vanishes on them. 

Let us show that / is in fact an ideal. 

Let | x |1==0 and let y be an arbitrary element. Then 


|zy 1S] 7h | yh, 
and similarly, | yx |;—=0. Furthermore, if | #|;==0 and | y|,==0, then 


|Ar + py [a SlAl [r+ lel {yl:—=0. 


Thus, we have shown that J is an ideal. In studying representations or 
positive functionals, we may replace R by the residue-class ring of this 
ideal. We denote this residue-class ring by R’. We shall call it a reduced 
ring. 

Note 3: Every representation of FR is continuous in the norm | + |1 and 
is therefore a continuous representation of R’. But a continuous representa- 
tion of R’ can be extended to a representation of the completion of Rk’. We 
denote the completion of R’ by R. 

Thus, every representation of the ring R is also a representation of R, 
and vice versa. _ 

Similarly, every positive linear functional on R can be extended to R, 
and vice versa. 


§ 49. Indecomposable Functionals and Irreducible Representations 


1. In the finite-dimensional case, every representation splits into irreduc- 
ible representations. In the general case, the existence of such representa~ 
tions is not clear a priori. Without touching on the problem of decomposing 
representations into irreducible ones, we shall show in this section that 
there exist irreducible representations. It is very convenient to do this 
in terms of positive functionals. 
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DEFINITION 1: We shall say that a positive functional f, 1s subordinate 
to a functional f (f; < f) if there exists aA > 0 such that Af — f; is a positive 
functional. 

We construct a cyclic representation a—> X, (Xq are operators in a space 
§) corresponding to the functional f: 


f(a) = (X.Eo, &o), 


where & is acyclic vector. Let B be a bounded positive-definite operator in 
the Hilbert space § that is permutable with all the operators of the repre- 
sentation. We put 


fila) = (X.BEo, So). 


In particular, the functional f corresponds to the operator B==£. We 
claim that fi(a) is a positive functional and 1s subordinate to f(a). 
f(a) is positive ; for 


f,(a°a) =(XGX_Bko, &) = (XaBko, Xak)) = (BXaky, Xako) = 0, 


since B is a positive-definite operator. Furthermore, f; is subordinate to f. 


For B is bounded. Therefore there exists a A such that (B&, &) =A(E, &), or 


ACE, &) — (BE, §) 20. 
Putting § == X,&o, we obtain 


M(XgXakor &)—(XaXqBko &) = 0. 


i.e., Af — f, is a positive functional ; but this means that f, is subordinate to f. 

Conversely, suppose that f, is a positive functional subordinate to f. 
We construct a cyclic representation by means of f (§ 47.4). Then the 
functional f, corresponds to a positive-definite operator B that is permutable 
with all the operators of the representation. 

Let us prove this. We know that the space § is obtained as the comple- 
tion of the space § formed from the classes of equivalent elements of R, 
and that the scalar product in § is given by the formula 


(x, y) =fly*s), 


where the elements x for which (7, x) =O, ie., f(4*x) =O, are taken to be 
equivalent to zero. 

In the space § we consider the Hermitian form fi(y*x). We shall show 
that f; is uniquely determined as a Hermitian bilinear form continuous in . 
fi is subordinate to f. This means that there exists a A such that Af —f;, is 
a positive functional. Thus, we have: 
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Af(a*a) — fila*x) 2 0, 
and therefore 
O= fi (atx) SAf(e*e). 


This shows that f(#*x) —0O implies that f,;(4**+) 0. Hence we see, say 
by means of the inequality 


| fig") |? S fala*a) fi (y*y), 


that the expression f1(y**x) is zero. 
We have thus shown that f,(y*x) is uniquely determined, i.e., that 
fi(y*r) ==0 for + ~ 0. f, is a bounded bilinear form. In fact, 


OS fi(a*ax) SAf(e*e). 
Therefore 


| fly) PS fia*a)fi(y*y) SMF (a*x) f(y*y) = 07x, 2) (y, 9). 


Being bounded, this bilinear form can be extended to the completion of §, 
ie., to the space §. But to a bounded bilinear form in § there corresponds 
a bounded operator B. Therefore there exists an operator B such that 


fily*x) = (Bx, y). 


Let us show that the operator B is permutable with all the operators Xq 
of the representation. For this purpose it is sufficient to show that 


(BX qx, y) = (Bx, Xq*y). 


But this is in fact so, because 


(BX ox, y) = (Bax, y) = fily*ax) 
and 


(Bx, Xq*y) = (Bx, a*y) = f,((a*y)*x) = fily*ar). 


Thus, we have proved the following theorem. 


THEOREM 1: Let f(x) bea positive functional, a— X,acychc representa- 
tion corresponding to it, and §o a corresponding cyclic vector, 1.¢., 


f(a) = (XaEo, 50). 


Then to every positive functional f; subordinate to f there corresponds a 
positive-definite operator B that is permutable wrth all the Xq, and 


fr(a) = (XaBEo, Eo). 
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Conversely, to every bounded positive-definite operator B that 1s permutable 
with all the operators X, there corresponds a positive functional subordinate 
to f. 

In particular, to f(x) itself there corresponds the unit operator. Now let 
us consider linear combinations of positive functionals subordinate to f(x) 
We call them functionals subordinate to the positive functional f(+). They 
correspond to arbitrary bounded operators that are permutable with the 
operators X, of the representation. 

Indeed, every operator that permutes with the X, can be represented as 
a linear combination of positive operators. Thus we have the following 
result: 


In the set of functionals subordinate to the positive functional f we can 
introduce an operation of multiplication such that it becomes tsomorphic to 
the ring of operators permutable with the operators Xq of the representation 
generated by the functional f(x). Here f itself plays the role of the unit 
element of the ring. 


We have turned the set C; of functionals subordinate to f into a ring 
with an involution. Moreover: 


1. To the functional f there corresponds the unit element of the ring. 
2. The operation x is defined as follows: f*(xv) = f(2*). 
3. Multiplication is connected with the +operation by the usual condition : 


(fafa) * = fo*fi*. 


2. DEFINITION 2: A positive function f is called indecomposable if every 
functional f; subordinate to f is a multiple of f, ie., f1(v%) ==Af(*). 


THEOREM 2: Let f be a positive functional. The representation corre- 
sponding to it 1s irreducible if and only if f 1s indecomposable. 


Proof: To every functional f,; subordinate to f there corresponds an 
operator that is permutable with all the operators X, of the representation. 
To f itself there corresponds the unit operator. The irreducibility of the 
representation 1s equivalent to the condition that every operator B that is 
permutable with the operators of the representation be a multiple of the 
unit (Theorem 1 of § 46), 1.e., to the condition that every functional f; sub- 
ordinate to f be a multiple of f. / 


3. We shall now proceed to prove the existence of irreducible representa- 
tions. By the theorem just proved, it is sufficient for this purpose to prove 
the existence of indecomposable positive functionals. 

The set of positive functionals f(#) such that f(e) = 1 forms a convex set. 
For if f:(¥) and fo(%) are positive and fi(e) =1, fe(e) =1, then 
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f(x) = ofi(7) + Bfo(4) (020,B20,0+6—1) 


satisfies the same conditions. Therefore the existence of indecomposable 
positive functionals follows immediately from a theorem of Krein and 
Milman [85]. Furthermore, let x be an element of the ring such that 
|~|1 40. Then there exists a positive functional f such that 


f(a*x) 0, fle) =1. 


On the other hand, by the same theorem of Krein and Milman the set of 
all positive functionals f satisfying the condition f(e) = 1 is the least weakly 
closed convex set containing all the indecomposable positive functionals 
that satisfy the condition f(e) 1. Therefore there exists such an inde- 
composable functional fo satisfying the conditions 


fole) 1, ~— fo(a*¥x) AO. 


Thus, we have proved the following theorem. 


THEOREM 3: Let «x be an element of the ring R such that |~|1540. Then 
there exists an indecomposable positive functional fo satisfying the conditions 


fole)S1, ~— fo(x*x) AO. (1) 


By Theorem 2 of the present section and Theorem 3 of § 47, this theorem 
can also be stated in the following way: 


THEOREM 4: Let xo be an element of a ring R such that | %o 4 +0. Then 
there exists an irreducible representation a—> Xq of the ring R such that 
the operator Xz, corresponding to %o in this representation is different 
from zero. 


In fact, condition (1) can be rewritten in the form 
}So]/S1, | X2,8o |? F0. 


The latter inequality means that X 1) ~ 0. 


§ 50. The Case of Commutative Rings 


I. The whole picture becomes particularly simple when F is a commuta- 
tive ring. 

Lemma 1: If R is commutative, then the ring R is isomorphic to the 
ring of all continuous functions x(M) on a compact space. Furthermore, 


Proof: R isa *-ring, i.e., 
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etal ahah (1 
For | # |= \/f(a*x), where f is a positive functional and f(e) = 1. 


By the inequality (2) of § 47, we have 
sup y/ f(*r) S y/| #2* [15 
f 


thus, | |x? =| #2*|;. On the other hand, we always have 


ext S|xhleth—lehe 
so that 
| va* | =| x |? =] x | | * [1 


By Lemma 1 in [80], a commutative ring in which an involution and a 
norm are introduced satisfying the condition (1) is isomorphic to the ring 
of all continuous functions on a compact set Dt. This Yt, is the set of 
maximal ideals of R. 


2. DEFINITION: A maximal ideal M of a ring R is called symmetric 1f 
for every x€R we have +*(M)—=+«(M). If M is a maximal ideal, then we 
denote by M* the maximal ideal for which x*(M*)==2(M). It is easy 
to show that this M* exists for every M. A symmetric maximal ideal 1s one 
for which M* = M. 

It can be shown that the set of symmetric maximal ideals of a ring R 
forms a closed subset in the set of all maximal ideals of R. 


THEOREM 1: R is isomorphic to the ring of all the continuous functions 
on the set Mty of symmetric maximal ideals of R. 


Proof: To prove the theorem it is sufficient, by Lemma 1, to show that 
the set of maximal ideals of R is homeomorphic to the set of symmetric 
maximal ideals of R. 

To every maximal ideal of R there corresponds a symmetric maximal 
ideal of FR. 

For let a homomorphism of R into the field of complex numbers be given. 
This homomorphism is at the same time a homomorphism of the ring FR’, 
which is part of R. But R’ is a residue-class ring of R. Therefore this 
homomorphism is at the same time a homomorphism of F itself into the 
field of complex numbers. 

A maximal ideal of KR is thus determined. This maximal ideal is sym- 
metric, because all the maximal ideals of R are symmetric. The continuity 
of the correspondence between ideals follows immediately from the defini- 
tion of the topology in the set of maximal ideals (see [79], § 7). 
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Conversely, let M be a symmetric maximal ideal of R. We consider the 
functional 


f(z) = «(M). 
This functional is positive. In fact, 
fax) = 2*(M)x(M)=|2(M) P20, fle) = e(M) =1. 


Therefore, it is equal to zero for elements for which | x|,==0. Moreover, 
it is continuous in the norm | x l1 and can therefore be extended to R. 

Thus, we can establish a one-to-one continuous correspondence between 
the symmetric maximal ideals M of R and the maximal ideals M of R. If 
we denote an element of R and the corresponding element of R by the same 
letter x, then we have Theorem 2: 


THEOREM 2: Every positive linear functional f(x) on a commutative 
ring R can be represented in a unique way in the form 


f(z) = f (M)do(A), (2) 


where o(A) ts a positive completely additive set function on the set ti of 
symmetric maximal ideals of R. 

Proof: Every positive functional on R can be extended to R (§ 48, Note 
3). It then turns into a positive functional on the set of continuous functions 
on the compact set 9t,. Such a functional is described by the formula (2), 
where o(A) is a positive completely additive set function. The set function 
o(A) is uniquely determined. 

Conversely, if o(A) is a positive set function on the set of symmetric 
maximal ideals, then f(x), given by formula (2), is a positive functional. For 


f(xtx) = f a*(M)x(M)do(A) = f | (M) |2do(A) = 0. 


This completes the proof. / 


It follows from formula (2) that every indecomposable positive functional 
is of the form f(z) —=+(Mo), where Mo is a fixed symmetric maximal ideal. 

The theorem just proved means, strictly speaking, that every functional 
decomposes in a unique way into indecomposable positive functionals. We 
have required R to be commutative. This condition is essential, as is clear 
from the following theorem. 

THEOREM 3: Assume that every positive functional given on a ring R 
decomposes in a unique way into indecomposable positive functionals. Then 
the reduced ring R is commutative (i.e., xy— yx is an element equivalent 
to zero in R). 
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Proof: Let us consider an arbitrary continuous representation a—> Xq, 
where X, is an operator in the space §. We shall show that § is one- 
dimensional. Let us assume the contrary. Then § contains at least two 
linearly independent vectors §; and Ea. We put 


Fi (@) = (Xabi. &). fe (@) = (Xabe, &), 
f@=>(Xabi+h &+) 


f@=4(Xabi—h» %&—b), 
and assume that 
e@=f,O+th@=f@+ ff. 


g(a) is a positive functional. By Theorem 2 of § 49, the functionals f,(a), 
fe(a), f1’(a), fe’(a) are indecomposable. Therefore f(a) decomposes in two 
ways into indecomposable functionals. These are distinct. For the vectors 
€1, 2, §: + §, 6: —&e are not proportional; but on the other hand, by 
Theorem 4 of $47, in the case of an irreducible representation by func- 
tionals of the form (X,&, &), the vector & is uniquely determined to within 
a factor. 

Thus, every irreducible representation of FR is one-dimensional and hence 
commutative. Since every element that is carried into zero by all continuous 
representations is equivalent to zero, xy — yx is equivalent to zero, 1.e., the 
reduced ring is commutative. / 


3. Example: We denote by Ro’ the set of functions given on the half-line 
O=u< o such that 


lf |= f | f(w) | sinh 2udu < 0. 
0 


We define a multiplication f—f1X fe in Ro’, where f(u) is given by 
the formula 


co 806th 
f(u) = f f fi(s)fo(t)dsdt. 
0 [{u-t] 


Further, we let Ro denote the set of all elements of the form Ae + f, where 
e is a formally adjoined unit element and fe Ro. 

It can be verified that this turns Xo into a normed ring. 

We also define an operation * by putting 


f*(u) = fu), Qe+f*—=de+ fr. 
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It is easy to verify that this yields a commutative ring with an involution. 
Let us find the maximal ideals of this ring. The arguments here are 
exactly analogous to those given in [83]. 

Just as in the other case, we come to the conclusion that the maximal 
ideals are determined by homomorphisms 


f f f()w(s)ds, 
0 


where w(s) is defined by the relation 


t+s 
wisp) =f plu)du, 
|f—s| 


The solutions of this equation are the functions 
w(s) = [2 sin es]/o, 


where Q is an arbitrary complex number. This homomorphism is defined 
for all elements of Ro if and only if @ == 1 + 7Q2, where | g2| = 2. 

Thus, every maximal ideal of the ring is determined by a number 
Q—= 01 +102, where | Q2| 2, and with @ and —@ determining the same 
maximal ideal. 

Let M be the maximal ideal determined by @. Then the maximal ideal 
M* is determined by 9. Therefore, symmetric maximal ideals are deter- 
mined by the conditions @ = @ or g==— Q; thus, symmetric maximal ideals 
arise when Qg is either real or pure imaginary. The corresponding homo- 
morphisms are given by the formulas 


co 
fo f f(s) [2 sin gs]/e do, 
where Q is real, and by 7 
fo f f(s) [2 sinh os]/o do, 
where 0= 0 =2. : 
§ 51. Group Rings 


1. As a special case of the rings studied earlier we shall now discuss the 
so-called group rings. This enables us to obtain certain results concerning 
representations of groups. 

Let G be a locally compact group. For simplicity of the exposition we 
shall assume that the left and right invariant Haar measures on G coincide. 
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We examine the ring R’ whose elements are the absolutely integrable 
functions #(g) on the group. 
Multiplication is given by the formula 


4X t= f #1(ges-1) 081) de. 


An involution is defined by the equation 
a*(g) == x(g-*). 


The norm | #| of the element x is taken to be 
|x |= f | +(e) \dg. 


To this ring we adjoin a formal unit element (if the group is non-discrete), 
so that finally the elements of the ring can be expressed by the symbol Ae + +, 
where ¢ is the formally adjoined unit element. The multiplication 1s natu- 
rally given by the formula 


(Aye + © ) (Age 4 % 2) = Ay hge 4 (Aya Ag ey A Ag XX 2), 


and the involution and norm are extended as follows: We put 


| Ae + «|= |A]+| x], (he ++ x)* == de-+ x". 


We denote the ring so obtained by FR and call it the group ring of G. 

THEOREM 1: To every representation a+ide—> Xg+AE of the group 
ring there corresponds a continuous unitary representation g—>T, of the 
group. Conversely, to every measurable unitary representation of the group 
there corresponds a representation a—> X, of the group ring. These repre- 
sentations are connected by the formula 


Xo= f a(e)T ode. 


Let us prove the theorem for a cyclic representation. Such a representa- 
tion, as we know (8 47), can be realized in the following way: The space § 
is obtained by completing the space § whose vectors are the elements 4, y, ... 
of R (considered to within equivalence), The scalar product is given by 
the formula 


f(y*x) = (4, y), 


where f is a positive functional. To the element a there corresponds the 
operator X, given by Xax==ax. We have shown that here | X,|<|a]. 
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With the element go of G we associate the operator T,,7+—=vy, where 


y(g) = +(go—*g). 
Let us show that this operator is unitary. Observe that the following 
equation holds for elements of RF: 


(Ty) *T 9,4 == y*x. 
For a 
ye J y(gig—*)x(g1)dg. 


Therefore under the application of T,, scalar products do not change. 
Since, first of all, the operator T, maps our set of functions into itself, it is 
clear that the operator 7, extended to the entire space § is unitary. Let 
us now show that the representation g— T, of G is continuous. For this 
purpose, we note that the functional f (like every positive functional) is 
continuous; on the other hand 


|T,,*%—+|= f\T.2—*|dg—0 aS Bo > e, 
and therefore 
f(T,,% —+«)*(T,4—+)) > 0 as Zo e. 
This means that 
(Ty *«—+, T,,*«—+)>0 as £o— é. 


This proves the continuity at the unit element of the group, and conse- 
quently at every other point. 

It now remains to show that the representation of the ring generated 
by g— Ty, is the one with which we started. 

Let a(g) be an absolutely integrable function. In the representation of R 
it corresponds to the operator 4x =a X x. Our aim is to show that 


Ats= f a(g)T ,xdg. 


or, in terms of scalar products, 


(Ax,y) = f a(g)(Tox, y)dg, 
1.€., 


f(y*ax) = f a(e)f(y*Tyx)dg. 


Since the functional f and the operation T, are continuous, we can rewrite 
the right-hand side of this equation as follows: 
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f(y f a(g)Todg ) = f(y*axr). 


This proves our statement. 

We have shown that to every representation of the group ring there cor- 
responds a representation of the group. The converse is easy to show. 
For suppose that a unitary representation of the group is given: g— T,. 

Let us assume that the function T, is weakly continuous, i.e., that (7,&, n) 
is a continuous function of g for every E and y. We put 


A f a(g)T dg. 


This operator exists, provided only that the function a(g) is integrable. 
We thus obtain a representation of the group ring. It is easy to see that, 
conversely, to this operator there corresponds the representation Ty, pro- 
vided only that T, is cyclic.’ 

We make one further remark concerning the proof of the theorem. In 
constructing T,, the representation we have used is not that of the extended 
ring FR, but only that of the original ring R’ without the adjoined unit 
element. But since the space § was constructed by means of a completion 
of the space § formed from elements of R, we have to show that the unex- 
tended ring FR’ leads to the same space §. For this purpose, we shall show 
that the element ¢ is the limit, in the sense of our scalar product, of elements 
x of R’. 

To every neighborhood VY of the unit element of G we assign a function 
ey(g) satisfying the following conditions: 


ev(g)2=0; = ev(g) = 0 if geV; 
ev(g*) == ev(g); ff ev(g)dg = 1. 


We call such a system of functions a unit system. It is easy to show that a 
unit system has the following properties: 


l~xXeyp—x|—-0 as Ve 


(the limit is interpreted in the partially ordered system of neighborhoods 
given in the sense of their natural ordering). We have 


f(evx) > f(x) for every xER, 


7In the case of a separable space §, this result can be strengthened. Specifically, it 
follows from the preceding arguments that if the function (7,¢,) is measurable for 
all & »€, then the representation g— T, coincides almost everywhere on G with a 
continuous representation. 
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ie, (€y, x) — (e,x) for every x. Moreover, 
(ep ey) =f (per) S Ff ()] epep| =f), 


—i.e., the lengths of the vectors ey are bounded—so that ey is weakly 
convergent. We denote this weak limit by &. Then we have 


(Eo, x) = (e, x) for every xER. 


In particular, 
(¢7> bo)=(@ &)=F(¢r) 


and therefore f(ev) has a limit. Thus, the vector &— e, which is orthogonal 
to all the elements x, splits off. It is not essential for the representation, 
because 1n this one-dimensional space every element + yields the null opera- 
tor. By discarding this one-dimensional space we obtain the required 
result. For this ‘parasitical’ one-dimensional space to be absent it is necessary 
and sufficient that 


lim f(ev)=fle). 7# 


V>e 


2. Applying Theorem 4 of § 49 to the group ring R and using Theorem I 
just proved, we obtain a fundamental result of Gelfand and Raikov [82] 
on the completeness of the system of irreducible representations of a locally 
compact group. 

Using the expression (6) of § 47 for a positive functional and Theorem 1 
of this section, we find that every positive functional in the group ring FR 
is determined by the formula 


fide +a)—=A9C + ff a(g)(TcE, E)dg, 


where g— 7, is a continuous unitary representation of G and the function 
(g) = (7,&, &) is a continuous positive-definite function on G (see [82]). 

Conversely, every bounded measurable positive-definite function @(g) 
corresponds to a positive functional on the group ring defined by the formula 


f(a) = ff a(e)o(e)dg. 


Hence it follows, in particular, that every bounded measurable positive- 
definite function coincides almost everywhere on G with a continuous 
positive-definite function (see [82]). 
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Positive-definite functions were the starting point in [82] for the con- 
struction of unitary representations of a locally compact group. 


§ 52. Example of an Unsymmetric Group Ring 


1. It is known that the group ring of a compact or a commutative group 
is symmetric (see [87]). However, it turns out that for a locally compact 
group this is in general not true. 

We shall now give an example of a locally compact group whose group 
ring is unsymmetric. 


2. Let G be the group of complex matrices of order 2 with determinant 1; 
let § denote the subgroup of G that consists of unitary matrices. 

According to a well-known definition, a double coset of § in G 1s a set of 
elements of the form highe, where g is fixed and h; and he range over the 
whole subgroup §. Since § is a compact subgroup, the set of elements of 
the form /ighz has finite measure whenever the set of elements g has finite 
measure. 

We consider the set Ro’ of functions f(g) that are summable and constant 
on the double cosets of § in G. The set Ro of elements of the form 
Ae +f (f€ Ro’) forms a subring of the group ring FR. For assume that 
fi(g) and fe(g) belong to Ro’. We have to show that the function f =f; X foe 
also belongs to R, 1.e., is constant on the double cosets of © in G. But 


(gh) = ff frlgher—1)fo(gs)dg1 = 
= f falego—)folgoh)dgo— f falego—)folgs)dge = f(g) 


and similarly, f(hg) = f(g) for all hES. 

The ring Ro is commutative. For the Haar measure on G is invariant 
under the transformation g— g—! and therefore, when f,; and fe€ Ro’, we 
have 


J filag)fole)dg = f fr(e-*)foleh)dg = 


= f filg)folhg)dg = f folhe-)fals)dg 
for all he&. 


3. In order to prove that the group ring is unsymmetric, we shall first 
show that Ro is unsymmetric. 

Let us therefore examine the ring Ry in more detail. Every matrix g 
can be represented in the form g = ha, where h is unitary and a is a positive- 
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definite Hermitian matrix. Every Hermitian matrix can be written in the 
form a ==h,5h,—', where h, is unitary and 8 is a diagonal matrix. Since 
the group is unimodular, 8 is of the form 


rh 0 
5= (5 ai h>0. 
Thus, in every coset of § in G there is a diagonal matrix (5 1-4); and it is 


easy to see that every coset containing the matrix (, 1-1) also contains 


-1 
(* ") and, apart from this, no further diagonal matrices. 


Thus, every double coset is characterized by a number (1; and A and A7? 
correspond to the same coset. It is convenient to consider t == logA in place 
of A. Then ¢t and —t determine the same coset. 

Thus, we can regard the functions in R»o—that is, the functions that are 
constant on the double cosets, as even functions of f. 


4. Now let us find the rule of multiplication and the norm in Ro. For 
this purpose, we observe that the space of left cosets of § in G is the set 
of positive-definite matrices with determinant 1. The transformation of 
left cosets reduces to the transformation of the corresponding quadratic 
forms. It can be shown, furthermore, that this is the group of transforma- 
tions of a three-dimensional Lobachevsky space, where the points of the 
Lobachevsky space are in one-to-one correspondence with the left cosets. 
A double coset is a collection of left cosets; therefore it corresponds to a 
set of points in the Lobachevsky space. In order to find this set, we note 
the following: The elements of our group can be regarded as transforma- 
tions of the left cosets that consist in multiplying each coset on the right 
by a given element g of the group. An element g leaves the unit coset 
invariant if and only if it is an element of . 

Thus, the subgroup § consists of the motions of a Lobachevsky space 
that leave a fixed point of the space in place. 

Since a double coset is obtained from a left coset by multiplying it on 
the right by all the elements of §, this corresponds in the Lobachevsky 
space to a sphere with its center at a fixed point. 

Thus, to a function on the group that is constant on double cosets there 
corresponds a function in the Lobachevsky space that is constant on spheres 
with a fixed center. The integral of a function over the group differs only 
by a constant factor from the integral of the corresponding function in the 
Lobachevsky space. Therefore the norm of such a function is equal to 
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f | f(g) | dg, where dg is the element of volume in the Lobachevsky space. 


If we denote the radius of the sphere by ?, then the norm of such a function 
is equal to f f(t) | p(t), where g(t) is the area of the surface of the sphere. 


9. We aaa proceed to compute the rule of multiplication for the functions 
f(t) corresponding to the involution of functions on the group. Avoiding 
a direct computation, we use the following argument. 

The maximal ideals of a commutative ring are given by homomorphisms 


fo f fa, (e(dae, 


where a(t) is a so-called spherical function of the given group. These 
functions are calculated in the paper [81]. They are equal to [2 sin ot]/ 
[o sinh 2t] ; every @ corresponds to its own homomorphism, i.e., its own 
maximal ideal. Under the homomorphism, products of functions go over 
into products of numbers. Therefore, if ff: X fe, we have 


fr@e, ew du= f fa (ada: f fa, (a au. 
In order to express f in terms of f, and fe, we put 


fa(u) = fi(u) + [p(u)/sinh 2u], — fo(u) = fo(u) - [p(u)/sinh 2u], 


* (1) 
f(u) = fu) + [p(u) /sinh 2u]. 


Then the homomorphism is given by the formula 
f>fF@ 2 sin put ise: 
P 
0 
We can satisfy condition (1) by putting 


co t+u 
j= ( f Reohoas]ae 


0 | t—u| 
For let us denote 


fore) t+u 
f( f Rooted) at 
0 


|t—w 
by g(u). Then 
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fe (yee du= 
0 


-f(/| | Fcstaas) ae) 22808 du= 


| 16 | 


s+t 


={ (fio f 200 ay) as) a= 
0 


0 js—t| 


. 


co 


( (eG eo _ pe as) Fe dt = 
0 


=f F(2e as f Fo 28 dt. 
0 0 


1.€., 
few ae edu fiw emiee = pr du. 
0 0 


In virtue of the completeness of the system of functions sin ou, it follows 
from this that g(u) = f(x). 

Now let us find all the maximal ideals of our ring. For this purpose, 
in what follows we shall denote the elements of the ring by f(u). In terms 
of f, the norm is expressed by the formula 


f | f(u) | sinh 2udu, 
0 


because 


f{ | f(u) | p(u)du = fu f(u) | /sinh 2u] p(u) - sinh 2udu = 
= f Fic) | sinh 2udu. 
0 


Therefore the ring introduced here is isomorphic to the ring discussed in 
§50. The maximal ideals of Ry were examined in that same section. They 
were given by the formula 
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J F(u) [2 sin eu] o-tdu, 
0 


where Q is the complex number 9 = 0; + iQ2, with | o2| SZ. 

Remark: This implies, among other things, that the remaining spherical 
functions corresponding to the given group are given by the formula 
[2 sinh epu]/[osinh2u] (O02). 

Since the transition from f to f* corresponds to a replacement of f(u) by 
f(u), it is clear that unsymmetric maximal ideals exist in the ring and 
consequently that the ring is unsymmetric. 


6. Now let us show that the group ring Ro is unsymmetric. 

For this purpose, we note that if the element f + Ae belongs to a subring 
of Ro» and has an inverse, then this inverse also belongs to Ro. 

For let the element m-+ e of R be the inverse of the element f+ e€ Ro. 
Let us show that m+ e€ Ro, i.e., that the function @(g) is constant on the 
double cosets of §. We have: 


(fte)X (p+e)—e. 


Hence 


1.€., 
o(g) =— fle) — J f(ggi—")oep(g1)dg1. 
But then for hE 


(hg) =— fhe) — f f(hees—)epes)dgx = 
=—f(s)— f flees e(er)dg1 = (8), 


because f€ Ro’. Thus, the function @(g) is invariant under left translation 
by hES. Similarly, using the equation 


(pte) X (f+ ¢) =e, 
we can show its invariance under a right translation. Therefore 
pe ky’, p+ e€Ro. 


Assume now that x € Ro and that (e + +*1+)—! does not exist in Ro’. Such 
an element x can be found, because Ry is unsymmetric. But then 
(e + x*x)—1 also does not exist in R. This completes the proof that the 
group ring FR is unsymmetric. 
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%. In the paper [84] it is shown that Beurling’s Theorem holds in commu- 
tative locally compact groups. The example we have given above shows 
that in non-commutative locally compact groups this theorem does not 
hold in general. 

Let R be a normed ring with an involution. We shall say that the 
generalized Beurling Theorem holds in R if for every linear functional f(x) 
in the ring R there exists an indecomposable positive functional that is a 
weak limit point of functionals f(va) (aE R). 

THEOREM: The generalized Beurling Theorem holds in a ring R 1f and 
only tf R is a symmetric ring. 

Proof of the Necessity: Let R be an unsymmetric ring. Then there 
exists an element 7% such that (e+ x9*1x9)—! does not exist. Therefore, 
e+ %o*xo belongs only to one maximal right ideal J, of R. Since e does not 
belong to J,, there exists a linear functional f(#) such that f(e) = 1, f(7) =0 
for all xe€/,. For «€I,, a€R we also have xaé/,, and therefore f(xa) =0 
for all xé€J,. Hence every weak limit point fo(4) of the functionals 
fa(z) = f(a) also vanishes on J,. By assumption, Beurling’s Theorem 
holds, i.e., among these limit points there is a positive normed indecompos- 
able functional fo(v). Therefore, this functional also vanishes on /,. In 
particular, 


foe + xo*ro) = 0, 
1.€., 


1 + f(x0*x%o) = 0; 


but this is impossible, because f(4o*19) = 0. 

Proof of the Sufficiency: Let f(#) be a linear functional. Let J, denote 
the set of all elements +€R such that f(va) —0 for all a€ Rk. Obviously, 
f, is a right ideal in R. According to [87] (see also [80]), there exists 
a positive functional fi(%) such that 


fife) —1, fi(ax*) =O for -+€l,. (2) 


The set of all functionals satisfying these conditions is a weakly closed 
bounded convex set in the space conjugate to R. By the theorem of Krein 
and Milman [85], this convex set contains at least one extreme point 
fo; fo is an indecomposable positive functional satisfying the conditions (2). 
Hence it follows that fo(+) 0 for all x€/,, i.e., fo(v) is a weak limit point 
of the functionals fo(%a). 


8. It is not difficult to show that if Beurling’s Theorem in the formula- 
tion [84] holds in a group, then the Generalized Beurling Theorem holds 
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in the group ring. It would be interesting to find out whether the con- 
verse 1S true. 

From what has been shown above, it follows that in the unimodular 
group of the second order, Beurling’s Theorem does not hold. Arguments 
similar to those of this section show that Beurling’s Theorem also fails to 
hold in every complex semi-simple Lie group. This is connected with the 
existence of the so-called supplementary series of representations of these 
groups. (See the remark in § 52.5.) 

Remark: Some of the results of this paper were obtained independently 
by I. E. Segal (see Bull. Amer. Math. Soc., Vol. 53 (1947), pp. 73-88). 


CHAPTER JX 


THE DECOMPOSITION OF A COMMUTATIVE NORMED RING 
INTO A DIRECT SUM OF IDEALS: 


§ 53. Introduction 


1. The following facts concerning the decomposition of a commutative 
normed ring into a direct sum of ideals are known thus far ([89], § 10). 

Let R be a commutative normed ring and Jt— W(k) the space of its 
maximal ideals. We assume that R is decomposed into the direct sum of 
two non-trivial ideals J; and Jz. In particular, the unit element e of FR is 
represented as a sum e; + @o, where e,€/;1, e2€lo. It is easy to verify that 
the elements e, and é2 play the role of unit elements in their ideals, which 
thus are also normed rings with unit element. Since e;* = e1, €27 == ée, the 
functions e;(M) and e2(M) assume only the values 0 and 1 on the maximal 
ideals of R. If Fy = {ey(W)—1}, Fo= {eo(M) = 1}, then Fy and Fe 
are disjoint closed sets whose union is the whole space 2t(R). Thus, the 
space Yt(R) is disconnected. 

Conversely, suppose that Jt(#) is disconnected and splits into the sum 
of two disjoint closed sets Fy, and Fe; we shall also assume that there 
exists an element e,€F for which the function e;(M) is equal to 1 on F; and 
toQ on Fs. Without loss of generality, we may assume that ey? =e. Then 
it turns out that F splits into the direct sum of ideals /; and [2; the ideal J, 
is generated by e,, and Iz by the element eg =-e—e,. Each of these ideals 
forms a normed ring, with fF, and Fe, respectively, as its set of maximal 
ideals. 


2. The results quoted, as we can see, are not yet definitive. The funda- 
mental question—can a ring R be split into the direct sum of two ideals tf 
the set of maximal ideals of R is disconnected?—remains open. 


1 The present chapter is a translation of a paper by G. E. Shilov [64]. It is added 
in translation and does not form part of the original Russian text of Commutative 


Normed Rings. — _ ,e _ =>. 
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In what follows, a complete—and affirmative—answer is given to this 
question. 


3. In § 54, we give a characterization of the space of maximal ideals of R 
as a subset of the topological product of discs | Ae |S || 2a ||, where {Za} is 
a set of generators of R. 


In this connection, we mention that a similar characterization has already 
been given for a ring with a single generator [90], namely: The set of 
maximal ideals of a ring with one generator is a closed bounded set in the 
complex plane, with a connected complement. But even for a ring with 
two generators there cannot be a purely topological characterization of the 
set of maximal ideals as a subset of the complex two-dimensional space 
{21,22}; for example, the circle | 2; |—=1, 22 =O is not the set of maximal 
ideals of any normed ring with generators 2,, 22, whereas the circle 2; = 
exp (ip), 22 == exp(— ip) (0S p S 22) coincides with the set of maximal 
ideals of the ring of all continuous functions on this circle whose generators 
are 2, and Z2. Thus, the required characterization in this case cannot be 
stated merely in topological terms, but must take the algebraic nature of the 
complex space essentially into account. 


In §55, by applying this characterization to the case of a ring with 
a finite number of generators, we show that every analytic function 
f(Aa, Ae, ..., An) that is defined in a domain GD M(R) coincides on Pt(R) 
with a function +(M), where +€R. This proposition generalizes a well- 
known theorem of Gelfand ([89], §9) to the case of a ring with a finite 
number of generators. Instead of the Cauchy integral used by Gelfand, we 
apply the integral representation of Weil [88] (see also § 13.7) to the 
function f(aa, Ao, wanes An). 


In § 56, the fundamental problem on the decomposition of FR into a 
direct sum of ideals under the assumption that the set Nt(/) is disconnected 
will be reduced to the case where F is finitely generated; we shall prove 
that if I(R) is disconnected, then we can find a finitely generated subring 
in R in which the set of maximal ideals is also disconnected. This enables 
us later (§ 57), by using the theorem on analytic functions of § 55, to con- 
struct an idempotent element e,€F, different from the unit element. The 
problem is thus reduced to the special case in which it has already been 
solved [89]; this then also gives the general solution. 


In § 58, we give some corollaries of our theorem. Apart from corollaries 
within the theory of rings, we mention a corollary (§ 58.2) concerning the 
character of convergence of polynomials of several complex variables, 
which contains a result that appears to be new. 
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§ 54. Characterization of the Space of Maximal Ideals 
of a Commutative Normed Ring 


1. Let R be a commutative normed ring and J{== {MM} the set of all its 
maximal ideals. If we know a system {za} of generators of F, then, as is 
well known ([89], § 5), the space St can be realized in the form of a closed 
subset of the topological product 7, with Tichonov topology, of the complex 
discs |e | = |] 2a ||. The maximal ideal M is mapped into the point having 
the number 2a(M) as its a-coordinate. Since the mapping of M so obtained 
is one-to-one and bicontinuous, we shall identify the image of St in the topo- 
logical product T with the space Mt itself. 

Suppose that a point {wa2}€7 exists that does not belong to Mt. This 
means that there is no homomorphism of F into the field of complex numbers 
that carries each generator Za into Ue or, what is the same, that there is no 
maximal ideal in R containing all the differences 2¢— Uae, where ¢ is the 
unit element of the ring. But the set of all finite sums of the form 


™m 
Py (205 Ma,2) qa; (1) 


where qa, are arbitrary elements of R, obviously forms an ideal in R. Since 
this ideal is not contained in any maximal ideal, it must coincide with the 
entire ring R; in particular, for some choice of the number m, of the sub- 
scripts aj, and of the elements ga, the sum (1) yields the unit element of 
the ring: 


e= Dy (Za,— bal) Ja.,- (2) 
j=l 


The elements ga, that occur in (2) can be approximated in norm with 
arbitrary accuracy by polynomials P; in the generators za. In particular, 
these polynomials can be chosen so that the norm of the difference 


e— p> (2a, —paje)P; (3) 


is less than 1. 

The expression (3) is, of course, a polynomial in a finite number of 
generators from the set {Za}. By construction, this polynomial has the 
following properties: 

a) It assumes the value 1 at the point {uc} ; 

b) It is less than 1 in absolute value at every point MEM. 

We have thus obtained the following proposition. 
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THEOREM 1: For every point {ue}€T that does not belong to M we 
can find a polynomial in the generators of R that assume the value 1 at 
{Wa} and are less than 1 in absolute value at every point MEM. 

This theorem will enable us presently to give a characterization of the 
space Jt as a subset of R. 


2. In what follows, a W-set shall mean a closed subset of 7 that is the 
intersection of open sets of the form 


AC oaee renee eo Hea Ge 


where P(he,, Aa,, +--+» Aa,) is a polynomial in the given arguments. 
Theorem 1 shows that, in particular, the set {CT isa W-set. We shall 
now show that every W-set is the space of maximal ideals of a suitable 
ring R with generators {za}. 
Leta W-set FCT be given. In the ring of polynomials P(2a,, 2a,,..., 2a,) 
we introduce a norm by the formula 


|| P(2a,, Za, +++, 2a.) | = max | P(ha,, bags +++» Aa) | (4) 


and construct the ring R by completion in this norm. 

R can be represented as a ring of continuous functions given on F. Obvi- 
ously, every point {Ag}€F determines a maximal ideal of R corresponding 
to the homomorphism z.—Ag. Since R is generated by the {za}, its set 
of maximal ideals is a subset of 7. Suppose that a point {ua}E€7 does not 
belong to F. Since F is a W-set, there exists a polynomial 


iad ( oe enna 


that is less than 1 in absolute value on F and not less than 1 in absolute 
value at {ue}. By the definition (4), the norm of this polynomial is less 
than 1 (fF, asa closed subset of the compactum P, is a compactum ; and every 
function continuous on F assumes the upper bound of its values) ; therefore 
the polynomial P(ze,, Ze,,..-, 2a,) is less than 1 in absolute value on every 
maximal ideal. Hence the point {ue} cannot be in MR). 

Thus, the W’-set F coincides with the set It(R), as stated. 

The result obtained can be restated in the form of the following propo- 
sition. 

THEOREM 2: A set FCT ts the set of maximal ideals of a normed ring 
with generators {Za} tf and only if F is a W-set. 


§ 55. A Problem on Analytic Functions in a Finitely Generated Ring 


1. Let Mt —M(R) be the set of maximal ideals of a ring with a finite 
number of generators 21, 22,..., Zn. We may identify St with a closed subset 


§ 55. ANALYTIC FUNCTIONS IN FINITELY GENERATED RING 279 


of a complex n-dimensional space K,== {Ay, he, ... An}, by assigning to 
every maximal ideal MEM the point {2,(M), 2o(M), ..., 2n(M)}, in a way 
similar to that of the general case in § 54. 

We shall use the term Weil domain for every domain UCK, that is the 
intersection of a finite number of domains of the form 


{| P(An Ae, ..., dn) | <1}, 


where P(A1, Ao, ..., An) is a polynomial in Ay, Ao, ..., An 

Every closed bounded set F CK, that is the intersection of a set of Weil 
domains will be called a Weil set. As was shown in § 54, the set Yt(.R) isa 
Weil set. 


THEOREM 3: For every function f(Ay, ho, ..., An) that ts analytic in a 
domain GD Wt we can find an element win R for which 


w(M) = f(21(M), 22(M), ..., 2n(M)) 
for every MEM. 

This theorem is already known for a ring with a single generator (see, for 
example, [90]). In this special case, it is proved by an application of the 
classical Cauchy formula. In the general case under discussion, we shall 
use Weil’s integral in place of Cauchy’s formula. 

Proof: We begin by constructing a Weil domain contained in the in- 
terior of G and containing Yt in its interior. 

Since I is a Weil set, it is the intersection of a set of domains of the form 


Gy = {| P,(Aa, ha, ..., An) | < 1}. 


Since Jt is bounded, we have to add to these domains another domains 
of the form 


O;= {|Aj/ey| <1} Es i -peere. Y 


where the c; are positive constants. Let m, denote the maximum absolute 
value of the polynomial P,(Ay, Ae, ..., An) on Mt. The number m, is less 
than 1; we choose a number 6, between m, and 1 and examine the closed 


sets 
Fy = {| P,(Aa, do, ..., An) | Sy} 


and also the closed sets 
Ss == {| A; | S a5}, 
where 
max | 2,(M) | < aj < cj Ga 1 2 stage M): 
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Since MCF,CG,, MCS;CQ;, the intersection of all the sets F, and S; 
obviously also coincides with Mt. The intersection of all the sets F,, S;, and 
the closed set that is the complement of G is empty ; therefore we can choose 
a finite number of subscripts v1, vo, ..., Vm such that the intersection 
of the sets F,,, F ., Fy, all the sets S;, and K,— G is empty; but this 
means that the intersection of the sets Fy,, Fy, --+5 Frm, St, Sa, +++, Sn tS 
contained in G. A fortiori, the domain G contains the intersection of all 
the domains 


{| Py,(A1, Ae, .. +5 An) | < Op,} G=—1,2535.45:m) 


Vo» ee 


and 


{\Aj|<aj} (j= 1,2,..., 2). 


This intersection is obviously a Weil domain contained, by what has al- 
ready been proved, in G and containing M. 

We now proceed to the conclusion of the proof of Theorem 3. For a 
ring with uniform convergence, the theorem follows directly from a theorem 
of Weil that states that every analytic function in a Weil domain G can 
be represented as a series of polynomials uniformly convergent in the 
interior of G (i.e., on every closed subset of G) ([88], p. 329; see also 
[92], p. 300). 

In the general case, we consider the integral representation of Weil 
(which Weil constructed for the sake of the proof of the very theorem 
quoted above). It is obtained in the following way ([88], p. 312; see also 
[92], p. 292). 

The Weil domain constructed above is defined by a finite number of 
inequalities of the form 


| Pu(Aa, de, 2, An) | <1 (u=1,2,...,N), 


where the P, are polynomials in Aj, Ao, ..., An. Let s, be the set of points at 
which (for a fixed ) the condition 


| Pu(Aa, Ae -- +5 An) | == 1 


is satisfied. Since the P, are polynomials, we may assume that no sys- 
tem of the » manifolds s,,, Su.) ---» Su, intersects in a surface of dimension 
greater than n. 

We denote by o,,4,..., the intersection of the manifolds sy,, Su,,---» Sug) 
orientated in a definite manner. 

For every point {t;, te, ..., Tr} € Mt we can write down the expansion 


P(A, ho, wees An) — Py (1, T25 aaa Tp) =— Da (Ay — ty) Ow (Ax, he, pag An), 


v 
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where the Quy, are polynomials. We put 
oa = det|[(Q,_,4ll CU, al, etece n). 


Then the function f(A;, Ae, ..., An), analytic in G, can be represented on M 
in the form of the integral 


f(y, .05. HW) = 


1 Dy... ty FQqs eer n) Dy oe On 
=o qn, 8) 


(fs -0ty) Go dy TPL Ps, Ouse. dn) — Pe, (te «es te) 
ve=l 


The summation is taken over all the combination of subscripts 11, t2, ..., %. 

Since the polynomial P,,(A1, Ae, ... An) —Pi,(%1, te, ..., Tr) does not 
vanish when (Ai, Ao,..., An) ranges over the set o4,4,..., and (1, Ma, .-- , Un) 
over I, the integral (5) can be interpreted in the ring. In fact, since Mt is 
the set of maximal ideals of R and the polynomial 


Py(A1 Ao, ee | An) — P,,(%, T2y- 265 Tn) 


as a function of M = (1, te, ..., t) does not vanish, there is an inverse 
element in R 


[Pi (An, ho, a uie5 An) — Pi,(%1, Ta, 2-25 1.) | 


which obviously depends continuously on the parameters Ay, Ao, ..., An. Since 
Dist, .. 44) 28 a polynomial, also depends continuously on the parameters 
Ai, Ao, ..., An, we may integrate the ring elements 


n 
Dyin... te f(Ar, he, ..-, An) UT [ Pi, (a. ho, ..-5 An) — Pa, (11, Ta, ---, Tr)|—1 


yar] 


with respect to the parameters Aj, As, ..., A, ranging over 6;,1,...%,- The 
results obtained can be summed over the 2), %, ..., t, and multiplied by 
J1/(2a1)". We again obtain an element of R as a result of these operations. 

Since the homomorphism R—- R/M is continuous, the value of this 
element on the maximal ideals of R must coincide with the values of the 
function f(t1, te, ..., Tr) at the corresponding points of Mt. This completes 
the proof of Theorem 3. / 


Z. In connection with the proof of Theorem 3, we raise the following 
question. 

We shall use the term combined spectrum of the elements 71, %2, ..., %n 
of an arbitrary normed ring FR for the set of all points of the complex 
n-dimensional space K, of the form 


282 IX. DECOMPOSITION OF COMMUTATIVE RING INTO SUM OF IDEALS 


{71(M), xo(M), ..., 4n{(M)} 
for all MEM(R). 
It 1s easy to verify that the combined spectrum S of a given system of n 
elements of a ring R is a bounded and closed subset of Kn. 
Let an analytic function f(Ay, Ae, ..., An) be given in a domain GDS. Is 
there an element x in R such that 


a(M) =f[*i(¥), re(M), ..., tn(M)] 


for every MEM(R)? 

Theorem 3 gives an affirmative answer to this question in the case 
where the elements +1, v2, ..., %n are generators of R; the assumption that 
this is so enables us to establish that S== M¢(R) is a Weil set and to use 
the corresponding integral representation. But in the general case, the 
combined spectrum S is an arbitrary closed bounded set in K, and, in par- 
ticular, need not be a Weil set; therefore the solution of the question 
stated will apparently require new methods. However, for »=1, the 
—affirmative—solution only requires the Cauchy integral ([89], § 9). 


§ 56. Construction of a Special Finitely Generated Subring 


1. In this section we shall prove the following proposition: 

THEOREM 4: If the set I of maximal ideals of R 1s disconnected, then 
we can find a subring RCR that also has a disconnected set of maximal 
ideals. 

Proof: As in §54, we shall assume that I is a subset of TJ. Let 
MED, + DO, be a decomposition of Mt into the union of two closed disjoint 
sets. We construct two domains G;D®, and G20 @®» whose closures Gy 
and Ge are also disjoint. Every point Mo of ®; can be separated from Ge 
by a neighborhood of the form 


U(21, 0,..., 8x, &, Mo) = {| 2:(M) —2:(Mo) < £} (i=1,2,...,k); (6) 


moreover, since the neighborhoods of the form (6) form a defining system, 
we may assume that each of them is contained in G,. The set of all netgh- 
borhoods so obtained covers the entire set ®,; and since ®, is closed, we 
can choose from this a finite covering 


U, = U(2y, 2,005, Ze ep My) Cf 1, 2iacayd). 


Let U denote the set of points of G; that are covered by the neighborhoods Uj. 
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A similar system of neighborhoods covering ®z and not intersecting Gy 
can be constructed in Gz. Let these be the neighborhoods 


=V(2y), 2,...,2.e, M) (j=l +1,...,m). 


We denote the union of the neighborhoods V; by V. 
Since Jt is a W-set, by what we have shown it is the intersection of a 
number of domains of the form 


G, = {|P, (2, 2@,..., &)l< 1. 


Let m, denote the maximum modulus of the polynomial P, on M. The 
number m, is less than 1; we choose a number 6, between m, and 1 and 
examine the closed sets 


= {|P, ay Jai: ey ze) | == 6}. 


Since ICF,CG,, it is obvious that the intersection of the sets F, also 
coincides with 9. The intersection of the sets F, and of the closed set com- 
plementary to U + V is empty ; since the space T is compact, we can there- 
fore choose a finite number of subscripts v1, ve, ..., v2 such that the inter- 
section of the finite number of sets F,,, Fy,, ..., Fy, and T—(U+V) is 
empty. This means that the intersection of the sets F,,, Fy,,..., Py, 18 con- 
tained inU+ /. 

Let us examine all the elements from the set of generators {Za} that 
occur in the definitions of the neighborhoods U;, V; and in the construction 
of the polynomials P,, (7 =1,2,...,m;k—=1,2,...,”). The number of 
such elements is finite; we denote the set of these elements by S. 

Let us consider the subring R generated by S in R. We claim that this 
subring | satisties the condition of our theorem, i.e., that the set of maximal 
ideals M of R is disconnected. In order to prove this, we have to construct 
the set Di. Every maximal ideal M of R is determined by the values 2a(M) 
of the generators of this ring. Observe that the maximum modulus of the 
values of an arbitrary function x(M ) (x eR) is the same as the maximum 
modulus of the values of the function x(M/) on Mt, because each of them 
can be expressed by a well-known formula in terms of the norms of the 
powers of x ({89], p. 64). Hence for every MCR we can find a point 
{Aa} in T at which the coordinates corresponding to the generators za€S 
are equal to the numbers 2a(M). Let us show that every such point falls 
into the domain U+ V. 
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Suppose that a point {Aq} is not contained in U-++V. This means that 
{Aa} does not belong to one of the sets #,,—-for the sake of definiteness, say 
to F,,—so that at this point we have the inequality 


| Po, (AS, AE, .-, A) | >8y,. 


But then the maximum modulus of the polynomial P,, on the maximal ideals 
of R turns out to be greater than m,—the maximum modulus of this poly- 
nomial on the maximal ideals of R; but as we have seen, this is impossible. 

Thus, every point {A.} at which the coordinates corresponding to the 
generator 2.€S are equal to the numbers za(M ) falls into the domain 
U+V. We denote the set of all such pomts by Z; Z is a closed set con- 
tained in U+ V and is therefore representable in the form of a union 
Zyu+Zy, where Z~>CU, ZyCV and Zy and Zy are closed. Two distinct 
points of Z may correspond to the same maximal ideal of R. But we shall 
show that two such points M’€Z and M”’ €Z of which the first belongs to 
U and the second to V necessarily correspond to distinct maximal ideals of R. 

Indeed, the point M’ occurs in one of the neighborhoods whose union, by 
construction, forms the domain U; hence for the point M’ and a certain 
the inequality 


| 25% (7) — 2,9) (M;) | < ej i= 1, 2: say ky) 


is satisfied. Since the point M” lies in lV’, it cannot belong to this neighbor- 
hood ; consequently, for at least one i and a suitably chosen 7 we have the 
inequality 


| 24 (4) — 2, (M)) | 2 8; 


But in that case 2,47 (M’) 42,0) (M”), ie., the points M’ and M” corre- 
spond to distinct maximal ideals of R, the distance between which is there- 
fore not less than ¢ = mine; (7 == 1, 2,..., m). 

The set of all maximal ideals of R is abeained as the continuous image 
of Z formed by identifying all the points {Ac}€Z on which the generators 
Za€S assume equal values. The set Z has representatives both in U and 
in V, because every point MEM determines a maximal ideal of R. Since 
the points of the domains U and V are not identified with each other, by 
what we have proved, but must necessarily go over into points whose dis- 
tance from each other is not less than ¢, the required image Z of Z is com- 
posed of two non-trivial closed disjoint_parts—the continuous images of 
the sets Zp and Zy. Therefore, the set Z—= M is disconnected. WA 
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§ 57. Proof of the Theorem on the Decomposition of a Ring 
into a Direct Sum of Ideals 


1. Let t be the set of maximal ideals of a ring R (with an arbitrary number 
of generators). We shall assume that Jt is disconnected: == F1+ Fo, 
where F and Fe are closed. By what has been shown in § 56, we can then 
find a finitely generated subring R in R, also with a disconnected set of 
maximal ideals WM. 

But Qt lies in the complex finite-dimensional space K, and the theorem 
on analytic functions proved in §55 can be applied to it. Since Mt is dis- 
connected, it splits into the union of two disjoint closed sets ®; and ®.. 
The function f(A,, Ao, ..., An) that is equal to 1 in the neighborhoods of @, 
and to zero in the neighborhoods of ®2 is analytic on Yt = ®, + ®; there- 
fore R contains an element w such that w(M) = 1 for M€®, and w(M) =0 
for M€®2. Therefore, by the theorem quoted in the introduction, the ring 
R splits into the direct sum of two ideals. In particular, we can find in R 
an idempotent element ¢,, different from the unit element ([89], § 10). 
Since R is a subring of F, e; also belongs to R. But then R also splits into 
the direct sum of non-trivial ideals. Thus, our theorem is proved. 


Z. It is useful to verify that our construction leads to a decomposition of 
R into the direct sum of ideals J; and J, that, when regarded as normed 
rings, have the sets F; and Fe as their spaces of maximal ideals. We have 
embedded the set Nt(R) — Fy + Fo in disjoint domains UDF, and VD Fz. 
The set of maximal ideals of R is the image of a closed set ZDM(R) con- 
tained in the union U-+ V and is therefore representable in the form 
Zo+Zy, where Z~CU, ZyCV, and Zy and Zy are closed. 

Under a continuous mapping into the n-dimensional space the closed sets 
Zy and Zy go over into the closed sets Z uy, and 7 vy, which, as we have already 
proved, are disjoint. The function w(M) constructed above is equal to 1 
on Zy and to0 on Zy. Since, in the mapping Z— Z = M, only an identi- 
fication of certain points of Z took place, namely those for which the func- 
tions of the subring R assume equal values, the function (4M) assumes the 
value 1 on the entire inverse image of Zp, and, in particular, on F, and the 
value 0 on the entire inverse image of the set Zy, and, in particular, on Fe. 
But then it follows immediately, as was shown in § 10 of [89], that the set 
of maximal ideals of J; coincides with F,, and the set of maximal ideals 
of Io, with Fo. 


§ 58. Some Corollaries 


We shall now give several corollaries of the general theorem proved 
above, which, in our view, are of independent interest. 
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1. Apart from the fundamental method of topologizing the set of maximal 
ideals that was used in our construction there exists another method accord- 
ing to which a maximal ideal Mo is a point of adherence of the subset 2 CM 
if it contains the intersection of all the maximal ideals that occur in Wf 
([89], § 12). 

The closure 9 of % in this topology is, in general, wider than the closure 
MN of M in the fundamental topology. Let us show that this closure at any 
rate does not contain new connected components; in other words, every 
connected component of M contains pomts of YW. 


Proof: We examine the intersection J of all maximal ideals that occur 
in YW. The residue-class ring R/T has X{ as its set of maximal ideals. If 2 
had a connected component F not containing points of 2, then by the theorem 
proved above, we could construct a function #(M)€R/I that is equal to 1 
on F and to0 on {—F. The corresponding function +(M)€# would be 
equal to 1 on F (the inverse image of F) and to 0 on %&. But then no point 
of F could occur in 9%. This contradiction proves our statement. / 


2. Let a sequence of polynomials in m complex variables Pn(Ay, Ae, ..., An) 
(m = 1,2,...) converge uniformly to a function f (Aq, Ag, ..., An) ona closed 
bounded set F of the complex n-dimensional space Ky, if general, there 
exists a closed set FD F on which every such sequence continues to be uni- 
formly convergent. (This set does not depend on the special choice of the 
sequence P,,; for example, if the P,, are polynomials in a single variable Ay 
and F is a circle in the A,-plane, then F is the disc bounded by F.) Let us 
show that, in general, F does not contain new connected components; in 
other words, every connected component of F contains points of F. 


Proof: We examine the ring R defined as the closure of the set of all 
polynomials P(A;, Az, ..., An) with respect to uniform convergence on F. 
The set F is obviously the space of maximal ideals of FR. If F had a new 
connected component Q, then by our theorem, R would contain a function 
that is equal to 1 on Q and to 0 on F — Q, and, in particular, equal to 0 on F. 
The norm of this function in R must obviously be equal to zero; but then 
it cannot assume the value 1 on any maximal ideal. This contradiction 
proves our statement. / 


3. The same fact can be formulated for a general normed ring: If we 
denote by FCOM(R) the set on which every sequence of elements x,(M/) 
of Rk remains uniformly convergent if it is uniformly convergent on 
FCM(R), then F does not contain new connected components. The proof 
follows the same pattern as under 2. 


4. The boundary of the space St(R) is, of course, defined as the minimal 
set of points MéEM on which every function +(M) assumes its maximum 
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modulus ([89], §24). Let us show that every connected component of 
M(R) has boundary points. 

Proof: This easily follows from the fundamental theorem of §57. In- 
deed, for every connected component QC M we can find a function e(M) 
that 1s equal to 1 on Q and to 0 on Nt—Q;; its maximum is assumed at 
points of Q, and hence the boundary of It{) contains points of 0. / 


5. THEOREM (Generalization of a Theorem of Stone for Zero-Dimensional 
Compacta): Let the space of maximal ideals of a ring R be a gero- 
dimensional compactum (in other words, for any two points M’EM(R) and 
M” EM(R) there exists a decomposition of Yt(K) into two disjoint closed 
sets of which the first contains M’ and the second, M’’). Then every con- 
tinuous function f(M) ts the limit of a uniformly convergent sequence of 
functions x,(M), +,€R. (Note that in the statement of this theorem the 
symmetry of FR is not required.) 

Proof: The proof follows from the fact that R contains an ample set of 
real functions +(M); indeed, in virtue of the assumption that It(R) is a 
zero-dimensional compactum and of the fundamental theorem of § 56, for 
any two points M’ and M” there exists a function w(M) (wE€F) (more accu- 
rately, assuming only the values 0 and 1 on ail of Mt) that is equal to 0 at 
M’ and to 1 at M”. Hence the theorem is obtained as an application of 
Stone’s Theorem [89]. / 
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